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(54) A sensor and method for measuring nitrogen oxicte concentration 



(57) A small-sized inexpensive nitrogen oxide con- 
centration sensor capable of measuring the concentra- 
tion of the nitrogen oxide in a measuring gas to a high 
accuracy. A first oxygen pumping cell (6), an oxygen 
concentration measuring cell (7) and a second oxygen 
pumping cell (8) are formed in different solid electrolyte 



layers of zirconia and electrodes (7a,7b) of oxygen con- 
centration measuring cell (7) are isolated from elec- 
trodes (6a.6b; 8a.8b) of the oxygen pumping cells (6,8) 
by insulating film (1 M . 11 -2). 
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Description 

This invention relates to a nitride oxide ooncentration sensor for measuring the concentration of nitrogen oxide 
(NOx). for instance as a conrponent of exhaust gas of a combustor or an internal conbustion engine, and a method for 

s measuring the concentration. The objective measuring gas (gas to be measured) in accordance with the present inven- 
tion includes exhaust gases of internal combustion engines used for vehicles such as car, ship or aircraft or for industrial 
application or oontsustion gases of a boiler or the like. 

Recently, with Intensification of exhaust gas regulations, studies for directly measuring the concentration of NOx 
contained In the exhaust gases of Internal combustion engines tor controlling the internal combustion engines or cata- 

10 lysts are on the progress. In particular, studies into a NOx 9^^ concentration sensor of the type In which oxygen is 
pumped out by a first oxygen pumping cell, using a solid electrolyte (oxygen ion electro-conductive member), such as 
zirconia. to an extent that not permits decomposition of NOx, which oxygen is further pumped out of the NOx con- 
taining residual gas by a second oxygen pumping cell for decomposing NOx measuring a ojnent Ip2 generated by 
the dissociated oxygen Ions to detect the NOx 9^^ concentration, are conducted briskly because it is felt that such sen- 

15 sor can measure the NOx 9^ concentration without being affected by obstructive gases contained in the exhaust gas. 
such as HC or CO. 

As a conventional nitrogen oxide concentration sensor, there is disclosed In, for example, SAE paper No.960334, 
pages 137 to 142. 1996. a nitrogen oxide concentration sensor in which, in the inside of a laminate structure of solid 
electrolyte layers of thin plate-shaped zirconia, a first cavity having a first oxygen pumping cell and an oxygen concen- 
20 tration measuring cell, a second cavity having a second oxygen pumping cell, a first diffusion path for communicating 
the first cavity with the measuring gas side and a second diffusion path for communicating the first and second cavities 
with each other, are formed, as shown In a plan view of Rg.3 and In an enlarged aoss-sectlonal view of Fig.4 taken 
along line A-A' of Flg.3. 

Referring to Rg.4. 1 is the first diffusion path, 2 is the first cavity, 3 is the second diffusion path, 5-1 , 5-2, 5-3, 5-4, 

^ 5-5 and 5-6 are laminated solid electrolyte layers of thin plate-shaped zirconia. 6 is the first oxygen pumping cell. 7 is 
the oxygen concentration measuring cell, 8 is the second oxygen pumping cell, 9 Is an atmosphere inlet and 10 is a 
heater. The first oxygen pumping cell 6, oxygen concentration measuring cell 7 and second oxygen pumping celt 8 are 
provided witii electrodes of porous platinum or porous rhodium G^a. 6-b; 7-a. l-b and d-a. respectively In tiie 
present specification, tiie oxygen pumping cell and the oxygen concentration measuring cell are termed "oxygen celt". 

30 In the present nitrogen codde concentration sensor, the oxygen cells are maintained at constant temperatures by 
supplying a current to the heater 10. The measuring gas. such as an exhaust gas of tiie internal combustion engines, 
is introduced via the first diffusion patii 1 Into the first cavity 2. Oxygen is extracted (pumpted out) by the first oxygen 
pumping celt 6 from the measuring gas inf oduced Into the first cavity 2. The oxygen concentration in the first cavrty 2 
Is monitored by tiie oxygen concentration measuring cell 7 so that oxygen is extracted up to a low oxygen concentration 

35 at which nitrogen oxides are not decomposed. The oxygen concentration is maintained at the resulting value. 

The gas in the first cavity 2, maintained at this low oxygen concentration. Is Introduced via the second diffusion path 
3 into the second cavity 4. From the measuring gas. introduced into tiie second cavity 4. oxygen is extracted by the sec- 
ond oxygen pumping cell 8. Since oxygen Is extracted substantially completely by tiie second oxygen pumping cell 8 to 
achieve a lower oxygen concentBtion, and also since niti-ogen oxides are completely decomposed Into nitrogen and 

40 oxygen under tiie catalytic function of porous riiodium used as an elecb-ode. oxygen produced on decomposition of 
nitrogen oxides are extracted by the second oxygen pumping cell 8. It is disclosed tiiat. since tiie current value (^A) of 
the current flowing through the second oxygen pumping cell 8 has a linear relation witii the concentration (ppm) of the 
nitrogen oxides contained In the measuring gas, the concentration of nitrogen oxides contained in the measuring gases 
may be measured if the correlation between tiie concentration of the nitrogen oxides and tiie pump current Ip2 is 

45 obtained in advance. 

SUMI^ ARY OF THE DISCLOSURE 

According to tiie course of investigation toward the present invention, tiie following problems have been encoun- 
50 tered. 

The detected value of the nitrogen oxide concentration by tills nitrogen oxide concentration sensor Is not affected 
by the content of other possibly co-existing gases, such as CO, hydrocartx)ns. CO2, SP2 etc. However, the atK>ve 
detected value is affected to a more or less extent by oxygen contained in tiie measuring gas. Although this effect is not 
so large. It proves to be a sigrnf leant error if the nitrogen oxides detected are of low concentration. On the other hand, 
55 since the solid electrolyte layer is heated to approximately 700''C at the time of using the nitrogen oxide concentration 
sensor, tiie specific resistance of the solid electrolyte layer is lowered to a level of approximately several (or a few) hun- 
dred ohm-cm. Thus the conventional ser^r having the electrodes of the oxygen concentration measuring cell and the 
second oxygen pumping cell which are provided on the same solid dectrotyte layer suffers from a problem that the oxy- 
gen concentration measurement precision Is low. This is believed to be ascrit>able to current leakage between the elec- 
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trodes, such that the nitrogen oxide concentration is low in measurement accuracy resulting in that the oxygen 
concentration in the first cavity cannot be controlled accurately The same holds for the nitrogen oxide concentration 
sensor disclosed In EPO 678740 A1 . 

In the JP Patent Kokai JP-A^2-276453 (JP Patent Kokoku Publication JP-B-8-14570). there is disclosed an air/fuel 

5 ratio sensor having plural oxygen ceils comprised of plural solid electrolyte layers 5-1 , 5-2, 5-3 and 5-4 and porous elec- 
trodes 6-a, 6-b, 7-a. 7-b. 7-c, 8-^ and 8-b, as shown in Rg.5. This air/fuel ratio sensor has a first cavity 2 towards the 
first diffusion path 1 of an inlet portion of the measuring gas and a second cavity 4 communicating with a second diffu- 
sion path 3 having a gas diffusion resistance about twice that of the first diffusion path as compared to the first cavity 2. 
A pair of oxygen concentration measuring cells 7, T are provided in the first cavity 2 and in the second cavity 4 and are 

10 alternatively (separately from each other) used at a lean air/fuel ratio area and a rich air/fuet ratio area, respectively, for 
improving the oxygen concentration detection accuracy in the lean area. Also, it Is envisaged to provide an air/fuel ratio 
sensor capable of accurately detecting the air/fuel ratio as found based on a detected value of the oxygen concentration 
for a prolonged period of time by correcting changes with lapse of time of detection values of the oxygen concentration 
by taking advantage of the fact that the second diffusion path 3 is not clogged with particulate materials contained in 

15 the measuring gas, even if the first diffusion path is lowered in air permeability by the particulate materials. This applies 
to the case where Hie measuring gas is an exftaust gas of tiie internal comtxistion engine. 

(1) It is therefore an object of the present invention to provide a small-sized inexpensive nitrogen oxide concentra- 
tion sensor capable of detecting tiie concentration of the nitrogen oxide in the measuring gas to a high accuracy, 
20 and to provide a method for detecting the concentiBtion of tiie nitrogen oxide capable of detecting tiie concentration 
to a high accuracy at a practical level. 

This object is solved by ttie sensor of independent claims 1 , 30. 33. 35 and 45 and the method of independent daim 

14. 

25 Further aspects, details and advantages of tiie invention are evident from the dependent claims, description and 
drawings. 

The claims are intended to be a first non-limiting approach to define tiie invention in general terms. 

Further, the present inventors have found tiiat. in a NOx gas concentration sensor in which an electrode outside tiie ^ 
second measuring chamber of tiie second oxygen pumping cell is exposed to an exhaust gas atmosphere, tiie meas- 
30 ured value of ttie NOx Q^s concentration^ (current Ip2) exhibits significant dependency on changes in tiie oxygen con- 
centration, or additionally on temperature changes, of ttie exhaust gas atmosphere such that tiiere are occasions where 
the NOx concentration cannot be measured accurately. 

In view of the foregoing, it is a third aspect of tiie present invention to provide a NO^ gas concentration sensor in 
which the measured value of the NOx O^s concentration (current Ip2) exhibits dependency on changes in the oxygen 
35 concentration of the exhaust gas atmosphere to a lesser extent 

It is a fourth aspect of the present invention to provide a NOx 9^^ concentration sensor in which the measured value 
of the NOx gas concentration (current Ip2) exhibits dependency on changes in the oxygen concentration and tempera- 
ture of tiie exhaust gas atmosphere to a reduced extent. 

As such NOx concentration sensor, tiiere is disclosed in tiie above-mentioned JP Patent Kokai Publication JP- 
40 A-62-276453 such a sensor in which the oxygen pumping out side of tiie second oxygen pumping cell is reposed to tiie 
exhaust gas. 

However, the information acquired by the present inventors suggests that since the oxygen pumping out side of the 
second oxygen pumping cell is exposed to tiie exhaust gases, the measured value of the NOx concentration depends 
significantiy on changes in the oxygen concentration in tiie exhaust gases, such that it may be difficult to accurately 
46 measure the NOx concenfration in a low oxygen concentration atmosphere. 

In view of the foregoing, it is a fifth aspect of the present invention to provide a NOx ooncerrtration sensor capable 
of detecting tiie concentration of the NOx 9^^ exhibiting a low oxygen concentration dependency. 

Other aspects of the present invention wilt become dear from tiie disdosure of the specification and the drawings 
in tiieir entirety. 

50 In connection with the above-mentioned object, a nitrogen oxide concentration sensor according to an aspect A1 
of the present invention has a first cavity comprising a first oxygen pumping cell and an oxygen concentration measur- 
ing cell, in which the first oxygen pumping cell has a solid electrolyte layer(e.g.. of thin-plate shaped zirconia) having a 
pair of porous electrodes. Further, the sensor has a second cavity comprising a second oxygen pumping cell having a 
solid electrolyte layer(,e.g., of thin-plate shaped zirconia) having a pair of porous electrodes, a first diffusion path (resist- 

55 ance) for communicating the first cavity witfi the side of a measuring gas and a second diffusion path (redstanoe) for 
communicating the first cavity witii the second cavity. According to a^ect A1 ttie sensa has a feature that the first oxy- 
gen pumping cell, oxygen concentration me^ring cell and tiie second oxygen pumping cell are provided in mutually 
different solid electrolyte layers, respectively. The pair of porous electrodes of the oxygen pumping cells are usually ds- 
posed on both sides of tiie electrolyte layer, typically sandwiching the electrolyte layer. 
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A method for measuring the concentration of the nitrogen oxide in an aspect A2 of the present invention typically 
enploys a sensor according to aspect A1 . The method comprises extracting oxygen from a first cavity by a first oxygen 
pumping cell while measuring the oxygen concentration by tiie oxygen concentration measuring cell from a measuring 
gas introduced via a first diffusion path into the first cavity, to a pre-set low oxygen concentration which does not sub- 

5 stantially decompose the nitrogen oxide, introducing tiie faulting measuring gas set to a pre-set low oxyg&i concen- 
tration via a second diffusion path into a second cavity, extracting oxygen while a pre-set voltage is impressed across 
the second oxygen pumping cell provided in tiie second cavity to decompose the nitrogen oxide in the measuring gas 
in the second cavity, and measuring the concentration of the measuring gas based on a pumping current Ip2 flowing at 
this time through the second oxygen punrping cell. The pump current is a minute current of, for example, the mA order. 

10 Regarding the tiiird aspect, the present invention according to an aspect B provides following features. Namely, 
protection means (member) at least partially surrounding tiie electrode outside of the second measuring chamber (cav- 
ity) provided on the second oxygen pumping cell is provided for alleviating changes in the atnosphere in the vicinity of 
the electrode brought about by changes in the state of the measuring gas. Such changes in atmosphere include rapid 
changes in the oxygen concerrtration in the atmosphere, changes in temperature or changes in the flow of the atmos- 

75 phere gas. The protective means may be provided for completely surrounding the electrode. 

In the aforementioned NOx gas concentration sensor, the measuring current caused by NOx decomposition exhib- 
its temperature and oxygen conoentration dependency, thus obstructing accurate measurement of the NOx Q^s con- 
centration. 

According to an aspect C of the present invention, it is the fourtii aspect to provide a NOx S^s concentration sensor 
20 which has a low dependency to the temperature and oxygen concentration and enables predse measurement of the 
NOx concentration. 

In connection with this aspect tiie present inventors have found tiie following fact. Namely, if, in a NOx concentration 
sensor having a first measuring chamber (cavity) into which is introduced the measuring gas and a first oxygen pump- 
ing cell for pumping out oxygen from the first measuring chamber for controlling the oxygen concentration in the first 

25 measuring chamber to a constant value, the electrode of tiie first oxygen pumping cell is of substantially tiie same 
length as the first measuring chamber, there is produced a significant oxygen concentration gradient in tiie first meas- 
uring chamt>er, and hence an electro-motive force (EMF) is produced on the electrode of the oxygen pumping cell in tiie 
vicinity of the distal end of the measuring chamber to affect measurement of the NOx 9^^ concentration. The present 
inventors have conducted perseverant searches for improving tiiis and arrived at the aspect C of the present invention. 

30 For accomplishing the above-mentioned fburtii aspect of the present invention, a NOx 9^^ concentration sensor of . 
the present invention, in aspect C, provides tiie following features. Namely, the measuring gas is introduced via a first 
diffusion resistance (path) into the first measuring chamber (cavity), and oxygen of the introduced gas is selectively 
pumped out of the first measuring chamber, wherein the ratio of the lengtii of at least the electrode of the first oxygen 
pumping cell mounted on the wall surface of the first measuring chamber to tiie overall length of the first measuring 

35 chancer in the flowing direction of the measuring gas in the first measuring chamtier is given by 

(electrode/overall length) = 1/4 to 3/4. 

As mentioned before, it is tiie fifth aspect of the present invention to provide a NOx concentration sensor capable 
40 of detecting the NOx sas concentration exhtoiting a low oxygen conoentration dependency. 

In connection with the above aspect, the present inventors have found tiiat a NOx 9as concentration sensor of tiie 
type in which oxygen is pumped out by the first oxygen pumping cell to tiie extent that NOx substantially not decom- 
posed and oxygen is further pumped out by a second oxygen pumping cell from a residual gas containing NOx to 
decompose NOx detection as tiie current has tiie following drawback. Namely, if the oxygen pumping out side of the 
45 second oxygen pumping cell is exposed to the exhaust gas atmosphere, (a) the electro-nxittve force (EMF) generated 
in the second oxygen pumping cell depends on changes in the oxygen concentration in the exhaust gas atmosphere 
and (b) the cun^ent flowing across the electrodes of the second oxygen pumping cell (NOx Q^^ concentration measuring 
cuaent) tp2 depends on changes in the oxygen concentration in the exhaust gas since tiie relation 
" Ip 2 = (Vp 2 - EMF)/R " holds, where Vp2 is the voltage applied across the second oxygen pumping cell for NOx decom- 
50 position, and R Is resistance across the electrodes of the second oxygen pumping cell. 

As a result of our furth^ searches, the present inventors have found that the above inconveniences can be over- 
come by providing an electrode (oxygen pumping out side electrode) as a counter-^ectrode with respect to the elec- 
trode of the oxygen pumping cell in the second measuring chamber In the inside of the device (between layers of the 
laminated solid electrolyte) for pumping out oxygen via a lead part of the electrode or a portion thereof and exhausting 
55 the pumped out oxygen, via the following means. 

Thus the sensor according to an aspect D of the present invention has tiie following features: 

that of the paired electrodes of the second oxygen pumping cell, the electrode provided outside of tiie second 
measuring chamber (cavity) referred to hereinafter as "electrode off the seomi oxygen pumping cell provided out- 
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side of the second measuring chamber") is arranged so as not to be in direct contact with the atomosphere outside 
the sensor, and that diffusion resistance means discharging the oxygen with a diffusion resistance is provided 
around the electrode of the second oxygen ion punrp cell provided outside of the second measuring chamber. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a longitudinal cross-sectional view showing an embodiment of a nitrogen oxide concentration sensor of the 
present invention. 

Fig.2 Is a longitudinal aoss-sectional view showing a modification of a nitrogen oxide concentration sensor of the 
10 present invention. 

Fig.3 is a plan view showing an example of a conventional nitrogen oxide concentration sensor. 
Fig.4 is an enlarged cross-sectional view of the nitrogen oxide concentration sensor taken along line A-A' of Fig.3. 
Fig. 5 is a perspective view showing the cross-section of a conventional air/fuel ratio sensor at a mid portion. 
Fig.6 is a plan view showing another embodiment of a nitrogen oxygen sensor according to the present invention. 
15 Fig.7 is a block diagram of a control system annexed to an enlarged cross-sectional view taken along line B-B' of 
Fig.6. 

Fig.8 is a perspective view of the layout for manufacturing tiie nitrogen oxide concentration sensor of Fig.6. 
Fig.9 is a plan view showing a heater mounted on tfie nitrogen oxide concentration sensor of Fig.6. 
Fig. 10 is a chart showing the correlation between tiie pump current IP^ of the first oxygen pumping cell and the 
20 nitrogen oxide conoentration in the measuring gases for different nitride oxygen concentrations in tiie nitrogen oxide 
concentration sensor according to an embodiment of tiie present invention (tiie configuration shown in Fig.2). 

Rg.11 is a graph showing an illustrative correlation between the pump current IP^ arxl the oxygen concsTtration 
when a voltage of 450 mV is applied across the second pumping cell for various values of tiie oxygen concentration and 
the nitrogen oxide concentration, with tiie use of tiie nitrogen oxide concentration sensa according to the modified 
25 embodiment of the present invention (the configuration shown in Fig.2). 

Fig. 12 is a graph showing the relation between tiie pump current Ip2 and tiie oxygen concentration in the nitrogen 
oxide concentration sensor of tiie modified embodiment of the present invention (the configuration shown in Fig.2). 

Fig. 13 is a graph showing an illustrative correlation between tiie oxygen concentration and Ip2 for a nitrogen oxide 
concentration sensor according to a modification of tiie present invention different in design parameters from tiie 
30 embodiment of Fig. 1 1 . 

Fig. 14 is a graph for illustrating tiie state of use of a nitrogen oxide concentration sensor embodying the present 
invention. 

Fig. 15 is a cross-sectional view showing a further modification of a nitrogen oxide concentration sensor embodying 
the present invention. 

35 Fig. 16 is a schematic structural view for illustrating the measuring principle of a nitrogen oxide concentration sensor 
according to an embodiment of the present invention, with tiie sensor being shown as it is cut along its short side. 

Rg. 1 7 shows the cross-section taken along tiie surface of a solid electrolyte layer of a first measuring chamber, into 
which flows the measuring gas, for illustrating the schematic structure of a nitrogen oxide concentration sensor accord- 
ing to an embodiment and a further modification (Embodiment A5), witii the left side half and tiie right side half showing 
40 a NOx sensor (nitrogen oxide concentration sensor) of the present embodiment and a NOy sensor of a Comparative 
Embodiment (Corrparative Embodiment A2). 

Rg.18 is a cross-sectional view taken along tiie long side of a nitrogen oxide concentration sensor (Ent)odiment 

A5). 

Fig. 19 is a graph showing the relation between tiie oxygen concentration detection potential Vs and tiie pump cur- 
45 rent Ip2 of tiie second oxygen pumping cell for the nitrogen oxide concentration sensor of the modification (Ent)odiment 
A5) and tiie nitrogen oxide concentration sensor of a Comparative Enr^xKliment. 

Rg.20 is a graph showing the correlation between tiie oxygen concentration and Ip2 by the nif ogen oxide concen- 
tration sensor according to tiie modification (err^odiment A5) of the present invention and a Comparative Embodiment 
(Conrparative Embodiment 2). 

50 Rg.21 is a graph showing the correlation between tiie heater power and Ip2 by the modification (embodiment A5) 
of the present invention. 

Rg.22 illustrates tiie metiiod for producing a nitrogen oxide concentration sensor embodying tiie present Invention 
and a layout thereof. 

Fig.23 illustrates the schematic structure of a NOx O^s sensor embodying the present invention. 
55 Rgs.24A and 24B illustrate the schematic structure of a NOx sensor according to a further embodiment of tiie 
present invention, where Fig.24A is a cross-sectional view taken along tiie long side of the sensor and Fig.24B is a 
cross-sectional view taken along the plane of a porous diffusion layer and a protective layer protecting an etecb'ode 
placed outside the second measuring chanr^r of the second oxygen pumpir^ cell shown in Fig.24A. 

Rg.25 illustrates the ^ut of a NOx 8^8 sensor according to a furtiier ^rtxxiiment of tiie present invention. 
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Fig.26 is a graph shewing the oxygen concentration dependency of the offset of the second oxygen pumping cur- 
rent Ip2 wherein white circles, white triangles and black squares denote measured results by the NO^ gas sensors of 
Embodiment 1 , Embodiment 2 and the Control En*odiment, respectively 

Flg.27 is a graph showing oxygen concentration dependency of the gain of the second oxygen pumping cun-ent Ip2, 
5 wherein white circles, white triangles and black squares denote measured results by the NOx gas sensors of Embodi- 
ment 1 . Embodiment 2 and the Control Example, respectively 

Fig.28 illustrates the schematic structure of a NO^ gas sensor of a Control Exannple. 

Flgs.29A to C Qlustrate a NO^ gas sensor embodying the present invention, where Figs.29A. 29B and 29C are a 
cross-sectional view taken along the long side thereof, a plan view of a first measuring chamber and an enlarged sche- 
10 matic cross-sectional view of the first measuring chamber, respectively 

Fig.30 is a graph showing oxygen concentration dependency of the second oxygen ion punping current Ip2 (offset) 
according to an embodiment of the present invention and a Control Example. 

Flg.31 is a graph showing oxygen concentration dependency of the second oxygen ion pumping current Alp2 (gain) 
according to an entiodiment of the present invention and a Control Example. 
15 Fig.32 is a graph showing the oxygen concentration dependency of a first oxygen pumping voltage Vpl according 
to an emtxxliment of the present invention and a Control Exarrple. 

Fig.33 is a graph showing the temperature (heater power) dependency of the second oxygen ion punping cun-ent 
Alpg (offset) according to an embodiment of the present invention and a Control Example. 

Fig.34 is a graph showing the temperature (heater power) dependency of the second oxygen ion punping cunrent 
20 A\p2 (gain) according to an embodiment of the present invention and a Control Example. 

Fig.35 is a graph showing the tenperature (heater power) dependency of the first oxygen ion punping ceil voltage 
Vpl according to an enrtbodiment of the present invention and a Control Example. 

Fig.36 is a graph showing the relation between the length of the first oxygen punp electrode and the voltage Vpl of 
the first oxygen ion pump electrode and the second oxygen pump current Alp2 according to an emtxxliment of the 
25 present invention and a Control Example. 

Fig.37 is a cross-sectional view showing the schematic structure of a NOy gas concentration sensor according to 
a Control Example. 

Fig.Sd Is a cross-sectional view taken along the long side of a NOx 9^^ concentration sensor according to one 
embodiment of the present invention for explaining the structure of the sensor. 
30 Fig.39 is a cross-sectional plan view taken along arrow A in Fig.38. 

Fig.40 is a cross-sectiona) plan view showing a variant of the NOx d^s concentration sensor embodying the present 
invention (equivalent to the cross-sectional plan view taken along arrow B in Fig.38). 

Fig. 41 is a cross-sectional view taken along the long side of a NO^ gas concentration sensor according to another 
variant of the present invention for explaining the structure of the sensor. 
35 Fig.42 is a cross-sectional view taken along the long side of a NOx 9as concentration sensor according to a further 
variant of the present invention for explaining the structure of the sensor. 

Fig.43 is a cross-sectional view taken along the long side of a NOx 9^^ concentration sensor according to a Control 
Example D for explaining the structure of the sensor. 

Fig.44 is a graph showing oxygen concentration dependency of the offset of the second oxygen pumping cell cur- 
40 rent tp2. where circular, triangular, square and dianrond-shaped plots represent measurement data by the sensors of 
Exanples D1 , D2 and D3 and Control Example D. 

Fig.45 is a graph showing oxygen concentration dependency of the offset of the second oxygen punping cell cur- 
rent Alp2 (Ip2gain), wherein circular, triangular, square and diamond-shaped plots represent measurement data by the 
sensors of Exanples 1 , 2 arxJ 3 and Control Example D, respectively 
45 Fig.46 illustrates a method for producing a NOx concentration sensor used for measurement and the layout 
thereof. 

PREFERRED EMBODIMEfsJTS 

so Illustrative of the solid electrolytes of zirconia are solid solutions of zirconia and yttria and those of ziroonia and cal- 
da. In addition, solid solution of hafnia. that of perovskite type oxides or that of oxides of trivatent metals, may be used. 
As porous electrodes provided on the surface of the solid electrolyte, platinum, rtiodium or alloys thereof having the cat- 
alytic function are preferably used. For producing the porous electrode, a thick fltm-fbrming method or plasma spraying 
may be enployed. In the former method, a mixture of platinum powders with powders of the same material as a solid 

55 electrolyte is formed Into a paste which Is screen-printed on the solid electrolyte layer and fired to form a thickf ilm. Alter- 
natively, the above paste Is plasma-sprayed onto the solid electrolyte layer for forming a film. If the electrode has a cat- 
alytic function, carbOT monoxide or a hydrocait)on gas interfering with measurement of the nitrogen oxide tends to be 
decomposed by tiie catalytic action and renrxsved. As the diffusion path, ceramics having fine through-htoles or porous 
ceramics or a pressed or filled mass of ceramic powders are preferably used. 
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The nitrogen oxide concentration sensor according to the present aspect A1 Is similar to the sensor desalbed In 
the above-mentioned SAE paper No.960334 In having in the inside of laminated solid electrolyte layers of thin plate- 
shaped zirconia a first cavity presenting a first oxygen punrpng cell and an oxygen concentration measuring cell, a sec- 
ond cavity presenting a second oxygen pumping cell, a first diffusion path for communicating the first cavity with the 
5 measuring gas side and a second diffusion path for communicating the first cavity with the second cavity. However, the 
sensor according to the present aspect differs from the sensor of the SAE paper in that the electrode of the oxygen con- 
centration measuring cell and the electrode of the second pumping cell are not provided on the same solid electrolyte 
layer. 

By this difference, the nitrogen oxide concentration sensor of the present Invartion can control the oxygen concen- 

10 tration in the first cavity to high precision since the current leakage occurring between the electrodes of the oxygen con- 
centration measuring celt arxi the second oxygen pumping cell Is significantly decreased while the oxygen 
concentration in the first cavity is improved in measurement accuracy. Since the oxygen concentration in the first cavity 
can be stably controlled in this manner to a low level close to an oxygen concentration corresponding to the start of the 
decomposition of the nitrogen oxides in the first cavity, the concentration of nitrogen oxides contained in a trace amount 

15 in the exhaust gas is improved significantly. By applying the technique of producing a ceramic multi-layer substrate to 
the ceramic solid electrolyte material, it becomes possible to produce a small-sized nitrog^ oxide concentration sensor 
of the present invention having the above structure inexpensively and with high productivity. 

With a preferred nitrogen oxide concentration sensor of the present invention, the electrode(s) of the oxygen con- 
centration measuring cell Is (are) electrically isolated from the electrodes of the first pumping cell and the second oxy- 

20 gen pumping cell by an insulating film or an insulating layer provided between the sold electrolyte layers. In the 
conventional nitrogen oxide concentration sensor in which two or more oxygen concentration cells are provided in the 
solid electrolyte of the same layer, the electrodes are not completely isolated from each other. This, however, becomes 
possible with the nitrogen oxide concentration sensor of the present invention, such that current leakage between the 
electrodes can be prohibited completely by the insulating film or the insulating layer provided between the solid electro- 

25 lyte layers. 

With the above-described structure of the nitrogen oxide concentration sensor, the oxygen concentration measur- 
ing cell is improved in measuring accuracy such that the oxygen concentration in the first cavity can be controlled accu- 
rately. This further improves the measuring accuracy of the nitrogen oxide concentration in the nitrogen oxide 
concentration sensor to enable accurate detection of a low nitrogen oxide concentration. Although the insulating films 
30 may be provided between all of the solid electrolyte layers, it is desirable to provide the insulating films only between 
the solid electrolyte layers in need of isolation. In place of providing insulating films, Insulating layer(s) of, for example, 
alumina may be substituted for solid electrolyte layer(s) not provided with an oxygen celt. 

Another preferred nitrogen oxide concentration sensor according to the present invention has a second cavity 
charged with a porous material or porous powders. For example, the same porous material is charged into the secorxi 
35 diffusion path and into the second cavity, so that the second cavity is reduced signif icantiy in effective volume. If tiie sec- 
ond cavity is reduced significantly in effective volume, the nitrogen oxide concentration sensor is significantiy improved 
in response characteristics to the nitrogen oxide. The capacity of the second cavity is preferably not more than 0.1 mm^ 
or not more than 50% of the capacity of the first cavity. 

Witii anotiier preferred nitrogen oxide concentration sensor according to tiie present invention, the porous elec- 
40 trode of the second oxygen purr^ing cell provided on the side of the second cavity is formed of a metal selected form 
the group consisting of platinum, rhodium, palladium, iridium and rhenium, or alloys thereof, with other electrodes being 
I formed of platinum or platinum alloy. In particular, since tiie porous electrode containing rhodium has a catalytic function 
of decomposir^ nitrogen oxides, nitrogen oxides in the second cavity can be completely decomposed wittiout necessity 
of excessively raising the temperature of tiie sensor part of the sensor, such tiiat tiie low nitrogen oxide concentration 
45, Of an order of ppm (typically several or a few ppms) can be measured as cun^ent value of tiie second oxygen punping 
i cell. The porous electrodes provided in the first cavity are preferably metals selected from platinum, rhodium, palladium, 
iridium or rhenium, or alloys tiiereof. witii or witiiout at least one selected from Ag, Au, Ni, Co. Or. Fe. Mn. Cu. Ti. Al, Pb, 
I Zn, Sn and In. 

in a further prefenred nitrogen oxide concentration sensor of the present invention, tiie insulating film or layer is alu- 
50 mina ceramic. e.g. of hdgh-purity alumina. The alumina ceramic exhituts excellent insulating properties under elevated 
temperatures, while it enables sinultaneous firing with solid electrolyte layers of zirconia. In addition, tiie starting mate- 
rials are available relatively with ease. 

In a still furth^ pretended nitrogen oxide concentration sensor of the present Invention, the first cavity is substan- 
tially in register vwth tiie second cavity when the nitrogen oxide concentration serreor is viewed being projected in a 
55 direction perpendicular to the solid electrolyte layer, with the first cavity communicating witii the second cavity by tiie 
second diffusion path extencfing through the solid electmlyte layer between the first and second cavities in a direction 
perpendicular to tiie solid electrolyte layers. 

The nitrogen ofxide concentration sensor of the above-described configuration has a merit that, if a rod-shaped sen- 
sor part is inserted Into an exhaust gas conduit flown through by an exhaust gas as measuring gases, via an aperture 
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(hole) formed in the conduit the distances of the sensor part from the conduit wall of the oxygen cells become substan- 
tially equal to one another, so that, if there is a temperature gradient due to thermal conduction in the long side direction 
of the sensor part, no temperature difference is produced between the oxygen cells, so that no errors are produced in 
the measured values. On the other harxi, the sensors need to be maintained at elevated tenperatures in order to permit 
decomposition of nitrogen oxides in the second cavity of the sensor. If the sensor part is constructed so that the cavities 
are in register with each other, the heat generating part of a heater having a planar heating part annexed for keeping 
up the temperature can be reduced in size. Since the distances of the oxygen cells from the conduit wall are equal, the 
sensor affected by the tenrperature difference due to thermal conduction tiirough the sensor part or to temperature dis- 
tribution in an exhaust pipe, thus facilitating control of the temperature of the oxygen cells of the sensor to a constant 
value. 

In a nitrogen oxide concentration sensor according to a yet further embodiment of the present invention, plural lay- 
ers each having a heater having a planar heat generating part are layered on laminated solid electrolyte layers, such 
that, when the nitrogen oxide concentration sensor is viewed being projected from a perpendicular direction on the solid 
electrolyte layer, the first cavity, second cavity and the planar heat generating part are all ^bstantially in register with 
one another. The heater(s) is preferably layered siAistantially in register witfi one anotfier for maintaining the tenpera- 
ture of the oxygen concentration measuring cell at a constant value so as to easily raise the temperature of the second 
cavity. The planar-shaped heat generating part is meant to include such a heat generating part in which heating wire or 
pattern is provided in an angled/meandered form on one plane. Two heaters, for exarrple, may also be provided and a 
sensor unit provided in-between by way of providing a sandwich structure. If a gap or conduit communicating with the 
outside is provided between the heater and the solid electrolyte layer, it becomes possible to discharge the oxygen gas 
extracted by the pumping cells. 

The lower the oxygen concentration, tiie lower becomes the decomposition temperature of tiie nitrogen oxide. In 
general, tiie heater annexed to tiie nitrogen oxide concentration sensor is preferably able to maintain the temperature 
of the oxygen concentration measuring cell at not lower than 700''C. The heater satisfying this condition preferably has 
its heat generating part farmed of a composite material of ceramics, platinum or platinum a\\o^{s), while having rts lead 
portion formed of platinum or platinum alloys. The lead portion of the heater has an ambient tenperature resistance not 
higher tiian 30% of the ambient temperature resistance of the heater itself. If the lead portion has a reduced resistance 
value, it becomes possible to reduce the loss of the electrical energy used for heating the sensor. 

The measuring method for measuring the niti^en oxide concentration in tiie aspect A2 of the present invention 
has following features : That is, with tiie use of tiie nitrogen oxide concentration sensor according to the aspect A1 , oxy- 
gen is extracted from tiie first cavity by tiie first pumping cell as the oxygen concentration is measured by the oxygen 
concentration measuring cell until reaching a low oxygen concenfration at which nitrogen oxide is not decomposed from 
/the measuring gas introduced via tiie first diffusion patii into the first cavity. Meanwhile the resulting measuring gas low- 
ered to a pre-set low oxygen concentration is introduced via the second diffusion path into the second cavity, and a pre- 
set voltage is impressed across the second pumping cell provided in tiie second cavity for exb^acting oxygen as tiie 
nitrogen oxide in the measuring gas in tiie second cavity is decomposed. Thus tiie concentration of the nitrogen oxide 
in the measuring gases is measured on tiie basis of a pump current Ip2 flowing in the second oxygen pumping cell. The 
pump current Ip2 is a microcurrent e.g., at tiie iiA order. 

That is. the above-mentioned nitrogen oxide concentration sensor is used, and oxygen is exti'acted by tiie first oxy- 
gen pumping cell as tiie oxygen concentration is monitored by tiie oxygen concentration measuring cell up to a pre-set 
low oxygen concentration at which tiie ni^ogen oxides are not decomposed from the measuring gas introduced via tiie 
first diffusion path into the first cavity. The measuring gas set to the pre-set low oxygen concentration after oxygen 
extraction, such as oxygen partial pressure of 0.1 Pa (10'^ atm or approximately 100 ppm), are introduced via tiie sec- 
ond diffusion path into the second cavity. A pre-set voltage higher tiian tiiat applied by first oxygen pumping cell pro- 
vided in the first cavity, such as 450 mV, is applied across the second oxygen pumping cell provided in the secord cavity 
for decomposing nitrogen oxides in tiie measuring gas introduced into tiie second cavity, as oxygen is extracted, and 
the concentration of the nitrogen oxides in the measuring gases is measured from tiie current value flowing tiirough tiie 
second oxygen pumping cell. For provicOng a constant oxygen partial pressure. It suffices if the first oxygen pumping 
cell is controlled so as to assure a constant electromotive force (EMF)(e.g., 150 mV) of the oxygen measuring cell in 
the first cavity. 

Although tiie voltage to be impressed across the second pumping cell is varied witii tiie temperature in the second 
cavity, the type of the catalyst contained in tiie second cavity or with tiie type of the electrode of tiie second oxygen 
pumping cell etc., it is preferably such a voltage at which CO2 or H2O is not decomposed, for example, 300 to 800 mV, 
so as to permit stable measurement of the nitrogen oxide concentiBtion. if tiie temperature is TOO^'C and the electrode 
is of porous rhodium (Rh). 

The measuring method for measuring the nitrogen oxide concentration of tiie present aspect is high in measuring 
accuracy of the oxygen concentration measuring cell since the current leakage between tiie electrodes of the oxygen 
concentration measuring cell and [he electrodes of otiier oxygen cells is smaller than with tiie conventional detection 
method, while tiiere is no current leakage between tiie electrodes due to insulation between the elecfaiodes by the irmi- 
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lating films or layers, thus assuring high measuring accuracy of the oxygen concentration measuring cell. Owing to the 
high measuring accuracy of the oxygen concentration measuring celt, the oxygen concentration in the first cavity can 
be controlled highly accurately to a pre-set low concentration at which nitrogen oxides are not decomposed, so that the 
measuring gases containing the nitrogen oxides of low oxygen concentration may be fed from the second diffusion path 
s to the second cavity in order to decompose the nitrogen oxides in the measuring gases for accurately detecting the 
nitrogen oxides from the intensity of the current flowing in the second cavity. The detection value obtained by this detec- 
tion method is not varied with the concentration of intervening gas (gas components) other than oxygen in the measur- 
ing gas. The fluctuations in the measured value due to the oxygen concentration in the measuring gas are not 
significant. 

10 In another prefered detection method for nitrogen oxides according to the present aspect, tiie effect of the oxygen 
concentration in the measuring gas on detection values of tiie concentration of the nitrogen oxides is connected on tiie 
basis of data measured using a reference gas having different known oxygen concentration and nitrogen oxide concen- 
tration. This enables correction in the fluctuations in the detected values by the concentration of oxygen contained in 
the measuring gas, resulting in a further inproved accuracy of NO^ detection. 

15 In another preferred method for measuring the nitrogen oxides according to the present aspect, the data is given 
as the fbllGwing relations (i) to (iii) : 

(i) tiie relation between the oxygen concentration of tiie measuring gas and the punrping cunent Ip2 of the first oxy- 
gen pumping cell when the oxygen concentration in tiie first cavity is maintained by the first oxygen pumping cell at 

20 a low oxygen concentration at which the nitrogen oxide is not decomposed, during which the oxygen concentration 
in the first cavity is monitored by tiie oxygen concentration measuring cell using the reference gas; 

(ii) the relation between the O2 concentration at a zero nitrogen oxide concentration and the pump current lp2(MA) 
of the second oxygen punping cell extracting oxygen from tfie second cavity; and 

(iii) tiie relation between the concentration of nitrogen oxide (ppm) as found of the reference gas having an oxygen 
25 concentration of the same level as the measuring gas and the nitrogen oxide concentration different from the meas- 
uring gas and the punp current Ipg of the second oxygen pumping cell. Since these data are variable depending 
on tiie design parameters of the sensor, manufacturing fluctuations, such as sensor setting temperatures, air per- 
meability of tiie first diffusion path and tiie second diffusion patii. ratio thereof, the capacity (volume) of tiie first cav- 
ity and the second cavity, or ratio tiiereof etc., it is preferred that measurement data be previously found for each 

30 sensor. 

In another preferred method for detecting nitrogen oxides according to the present aspect, It is assumed that, even 
if the oxygen concentration in the measuring gases is changed, a preset functional relation, such as a linear relation, 
exists between the nitrogen oxide concentration (ppm) and the pump current Ipg (t^A). Then, bas^ on the above data 

35 stored in advance in a micro-computer memory, tiie nitrogen oodde concentration is fourrd and corrected by processing 
by a micro-computer. These results can be displayed on a display or outputted on a recorder If the processing for cor- 
recting tiie measured value is carried out by a micro-computer annexed to the detector, the measured and corrected 
values having high accuracy can be obtained on a real-time basis. The corrected detection value can be displayed or 
recorded, while tiie measured value can be fed back to the controller of a combustor, such as an internal combustion 

40 engine, for controlling tiie operating state of the combustor. 

The principle of measurement by a nitrogen oxide concentration sensor according to an embodiment in an aspect 
A3 of the present invention will be now explained. Fig.16 is a cross-sectional view taken along a short-side direction of 
the sensor Ibr illustrating the measurement principle of a nitrogen oxide concentration sensor embodying the present 
invention. The sensor shown in Rg.16 includes a laminate of layers : i.e., a layer of a first oxygen punping celt 6 having 

45 a solid electrolyte layer and a pair of oxygen pumping electrodes on both sides of the solid electrolyte layer, a layer of 
a first measurement chamber (first cavity or space) 2, a layer of an oxygen concentration measuring ceil 7 having a solid 
electrolyte layer and a pair of oxygen partial pressure detection electrodes on both sides of the solid electrolyte layer, a 
solid electrolyte layer, a layer of a second measuring cfiamber (second cavity or space) 4, and a layer of a second oxy- 
gen pumping cell 8 having a solid electrolyte layer and a pair of oxygen pumping electrodes on both sides of the solid 

$0 electrolyte layer, in this order. In addition, a first diffusion aperture (first diffusion patii) 1 is provided on botii sides of tiie 
first measuring chamber 2, while a second diffusion aperture (second diffusion path) 3 Is provided for being passed 
tiirough the layer of the oxygen concentration measuring cell 7 and the solid electix)lyte layer for communicating tiie 
chambers 2. 4 witii each other. 

The principle of measurement by the nitrogen oxide concentration sensor shown in Rg.16 will be explained. First, 

55 (a) exhaust gas is diffi^ed through the first diffusion aperture 1 into tiie first measuring chamber 2. (b) By the first oxy- 
gen pumping cell 6, tiie oxygen in the exhaust gases fknving into the first measuring chamber 2 by the first oxygen 
pumping cell 6 Is pumped out insofar as NOx is not decomposed. At this time, the oxygen partial pressure in tiie first 
measuring chamber 2 is controlled to a constant value by driving tiie first oxygen purrpng cell 6 based on an output 
signal of an oxygen partial pressure detecting electrode (electrode of the oxygen concentration measuring celt 7). (c) 
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The concentration-controlled O2 gas and NO^ gas are diffused from the first measuring chamber 2 via second diffusion 
aperture 3 into the second measuring chamber 4. (d) By the oxygen in the second measuring chamber 4 in the second 
oxygen pumping cell 8 being pumped out the oxygen concentration in the second measuring chamber 4 is lowered to 
an extent sufficient for starting the dissociation of NOx so that the NOx gas in the second measuring chamber 4 is 

5 decomposed into N2 and O^- Since the value of the punr^ current Ip2 flowing in the second oxygen pumping cell 8 is 
correlated substantially linearly with the value of the NOx concentration, the NOx concentration can be measured by 
measuring the value of Ip2, so that it becomes possible to measure the concentration of the nitrogen oxide in the 
exhaust gases. By providing an oxygen partial pressure detection electrode and the oxygen pumping electrode in dif- 
ferent solid electrolyte layers in the nitrogen oxide concentration sensor, the leakage current ceases to flow between the 

10 electrodes. Since the residual oxygen concentration in the first measuring chamber 2 can be measured more accu- 
rately, the NOx concentration can be detected more reliably on the basis of the concentration of oxygen derived from 
NOx decomposition. 

Referring to Fig.17, another embodiment In the aspect A3 of the present invention will be explained. Fig. 17 shows 
the cross-section taken along the surface of the solid electrolyte layer of the first measuring chanriber (first diffusion path 

15 or first diffusion speed-regulator). On the left and right sides of Fig.1 are shown a NOx sensor of the present emtxxji- 
ment (nitrogen oxide concentration sensor) and a NOx sensor of the Control Example. The prindple of the NOx sensor 
of the present embodiment is explained by comparison of these two sensors. First, in the NOx sensor of the Control 
Example on the right side of Fig.17. four first diffusion apertures (first diffusion paths) 1 for flowing the measuring gas 
into the first measuring diamber 2 are formed in the vicinity of the second diffusion aperture (second diffusion path) 3. 

20 An oxygen partial pressure detection electrode 7-a is provided in contact with the first diffusion aperture 1 over substan- 
tially the entire bottom surface of the first measuring chancer 2 (with a length longer than the entire length of the first 
measuring chamber 2). On the other hand, in the NOx sensor of the embodiment of the present invention shown on the 
left side of Fig. 17, two diffusion apertures 1 are formed at a significant (or sut^stantial) distance from the second diffu- 
sion aperture 3. while the oxygen partial pressure detection el^ode 7-a is smaller in area than the entire bottom sur- 

25 face of the second measuring chamber 2, that is shorter than the entire length of the first measuring chamber, that is 
provided only in part, and at a pre-set distance from the first diffusion aperture 1 only around or in the vicinity of the 
second diffusion aperture. This feature of the NOx sensor of the present embodiment that the diffusion aperture 1 is 
formed at a significant (or substantial) distance from the second diffusion aperture 3, while the oxygen partial pressure 
detection electrode 7-a is smaller in area than the entire bottom surface of the second measuring chantier 2, that is 

30 shorter than the entire length of the first measuring chamber (that is, provided only in part) and at a pre-set distance 
from the first diffusion aperture 1 only around or in the vicinity of the second diffusion aperture*, is also the feature pos- 
sessed by a NOx sensor sfiown in Fig.15, which will be explained later. 

In the information acquired by the present inventors, the following four facts have been found. First, in a NOx sensor, 
the oxygen concentration in the first measuring chamber is substarrtially represented by an average value of the oxygen 

35 concentration present on the oxygen partial pressure detection electrode. Therefore, even granting that the oxygen con- 
centration is locally low in the first measuring chamber, the oxygen concentration in the first measuring chamber is con- 
trolled responsive to the average value of the concentration of oxygen present on the oxygen partial pressure detection 
electrode, so that, If an oxygen concentration higher than the actual value is detected, excess oxygen is pumped out of 
the first measuring chamber such that NOx decomposition is likely to occur in the first measuring chamber. 

40 Second, the oxygen concentration in the vicinity of the first diffusion aperture in the first measuring chamber is 
thought to be higher than in the remaining portion of the first measuring chamber. Tlierefore, if the oxygen concentration 
in the vicinity of the first diffusion aperture affects the detection of the oxygen concentration by the oxygen partial pres- 
sure detection electrode, the voltage across the first oxygen pumping cell is raised automatically. Such rise in the 
Impressed voltage is not desirable since it usually gives rise to Islackening' in the solid electrolyte layer formed of zirco- 

45 nia. 

Third, if the output of the oxygen partial pressure detection electrode is low In following-up property to changes in 
the conditions of the measuring gas, such as changes in the oxygen concentration in the exhaust gas of a diesel engine 
amounting to 4 to 18%, control of the first oxygen pumping cell having the output as an input parameter cannot be opti- 
mized. The result is that the concentration of the residual oxygen sent from the first measuring chamber to the second 
50 measuring chamber is varied so that it may become impossible to make accurate measurement of the NOx concentra- 
tion in the second measuring channber. 

Fourth, if the oxygen concentration in the first measuring chamber is set to a higher value for p-ohibiting decompo- 
sition of NOx C3r prohibiting Islackening' in the first measuring channber, a larger offset Is tolerated In the measuremern 
of the nitrogen oxide concentration in the second measuring chamber. Such 'offset' raises the temperature dependency 
55 and oxygen concerrtration dependency of the measurement of the nitrogen oxide concentration. 

If the NOx sensor of the Control Example shown on the right side of Rg.17 s verified on the bas^ of the first to 
fourth facts, the oxygen partial pressure detection electrode 7-a is significantly large in size as compared to the bottom 
surface area of the first measuring diamk}er 2 (wall surface area of the first cavity in which is fbmned the second diffu- 
sion aperture), and moreover the electrode 7-a is disposed adjacent to the first diffusion aperture 1 . such inconvenience 
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may arise that the nitrogen oxide concentration cannot be measured accurately, as mentioned above. Conversely, witii 
the NOx sensor of the embodiment on the left side of Fig. 17, since the oxygen partial pressure detection electrode 7-a 
Is sufficiently smaller in size tiian the area of tiie entire bottom surface of the first measuring chamber 2 and is disposed 
at a spacing from the first diffusion aperture 1 only around or in the vicinity of the second diffusion aperture 3, and thus 
the inconvenience proper to the IsiOx sensor of the Control Example Is resolved in its entirety. Preferably, the distance 
on the same plane between the electrode of the oxygen concentration measuring cell and the (internal) exit of the first 
diffusion path is set so as to be substantially 1.5 mm or longer. In tfie present invention, tiie description of the range of 
numerical figures includes botii upper and lower limits and optional Intermediate values. 

EXAMPLES 

The present Invention will now be explained with reference to drawings of Examples of the Invention. The present 
Invention is however not limited to these merely illustrative Example. 

Example A1 

Fig. 1 is a longitudinal crass-sectional view showing an end part of a nitrogen oxide concentration sensor according 
to an embodiment of the present Invention, in this figure. 1 is a first diffusion patii, 2 a first cavity, 3 a second diffusion 
path, and 4 a second cavity. 5-1 to 5-7 denote solid electrolyte layers of thin plate-shaped zirconla. 6 Is a first oxygen 
pumping cell, and 6-a, 6-b are porous electrodes of the first oxygen pumping cell. 7 is an oxygen concentration meas- 
uring cell, and 7-a, 7-b are porous electrodes of tiie first oxygen concentration measuring cell. 8 Is a second oxygen 
pumping cell, and 8-a, 8-b are porous electrodes of tiie second pumping cell. 9 etnd 10 are an atmospheric air Inlet and 
a heater, respectively. 

^ The nitrogen oxide concentration sensor shown in Fig. 1 differs from tiie conventional nitrogen oxide concentration 
sensor shown in Rgs.3 and 4 in that the oxygen concentration measuring cell 7 and the second oxygen pumping cell 
are provided in different solid elecfrolyte layers 5-3 and 5-4. Since the oxygen cells are provided in the different solid 
electrolyte layers In tiie nitrogen oxide concentration sensor of the present Invention, the current leakage between tiie 
elecb^odee of the oxygen cells Is only littie tiius raising the accuracy witii which the oxygen concentration is measured 
by tiie oxygen concentration measuring cell 7. The oxygen concentration in the first cavity 1 is monitored by tiie oxygen 
concentration measuring cell 7 at the same time as the nitrogen oxide In the first cavity 2 Is controlled to a lower oxygen 
concentration at which the oxygen concentration in tiie first cavity 2 is not decomposed, for example, to approximately 
100 ppm. Since the ox^en concentration in the first cavity can be stably controlled In this manner, the nitrogen oxide 
concentration In the measuring gas wHh tiie low nitrogen oxide concenf atlon can be detected with high accuracy. 

That Is, the measuring gases with the low oxygen concentration are sent via the second diffusion patii 3 to the sec- 
ond cavity 4. Firom the measuring gas in the second cavity 4; oxygen is extracted by the second pumping cell 8. If the 
oxygen concentration in the second cavity 4 is lowered to a value at which the nifrogen oxides are decomposed, tiie 
decomposition reaction of 

2NOx-»N2 + X02 

occurs to yield O2 which Is extracted by tiie second oxygen pumping cell 8. Since the major portion of O2 extracted at 
this time is O2 generated by the above decomposition reaction, the concentration of nitrogen oxides in the measuring 
gases can be detected by measuring the current flowing in the second oxygen pumping cell. 

For decomposing NO wrtiiout lowering the oxygen concentration in tiie second cavity 4 to a value which decom- 
poses CO2 or H2O, a constant voltage of, for example. 450 mV, is impressed aaoss the second oxygen pumping cell 
8. With this method for measuring the nitrogen oxide concentration, since the cunrent flowing In the second oxygen 
pumping cell 8 is variat)le by. for exan^le, temperatures of the measuring gas, the first oxygen punping cell 6 arxi the 
second oxygen pumping cell 8, gas diffusion resistance in the first and second diffusion paths 1 and 3, oxygen concen- 
tration set In the first cavity 2 or tiie set voltage of the second oxygen pumping cell 8, a standard gas having a previously 
known gas concenf ation is used tor calibration. The nitrogen oxide concentration sensor has. for Instance, a height 
(size In a direction perperxlicular to the solid electrolyte layer) of 1 .7 mm, a widtti of 3.5 mm and a length of 7 mm. 

If a voltage applied across tiie second oxygen punping cell 8 Is set appropriately for selectively decomposing 
gases other than NO^. such as COx. H2O or HC, the present method may be applied to measurement of tiie other 
gases. If these setting conditions are stored in a micro-computer, mutti^orrtponent gases, such as Og, NO^. H2O or 
CO2 may be measured by a sole sensor. 

Example A2 

Example A2 shown in Rg.2 differs from Example A1 of Frg.1 in that insulating films 1 M and 11-2 are arranged 
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between the sdki electrolytes 5-1 and 5-2 and between the solid electrolytes 5-3 and 5^, and in that the second cavity 
4 Is charged with a porous material. In the second embodiment the parts or components having the same functions as 
those of Example A1 are depicted by the same numerals and the coaesponding description is omitted for simplicity 
(hereinafter the same). In the present embodiment, since the insulating film 11-1 of high purity alumina ceramic with a 
5 thickness of 20 to 30 ^m are interposed between the solid electrolyte layers for completely prohibiting the leak current 
from flowing between the electrodes 7^3 and 7-b of the oxygen concentration measuring cell 7 and electrodes Q-a and 
8-b of the oxygen concentration measuring celt 8, the oxygen ooncentration measuring cell 7 has a high measuring 
accuracy, so that the oxygen concentration in the first cavity 2 can be stably maintained at a low constant value. Thus 
it becomes possible to measure nitrogen oxides with a high accuracy even If the nitrogen oxide concentration is low. 

10 

Example A3 

Fig.6 is a plan view of another example of a nitrogen oxide concentration sensor according to the present invention, 
that is Example A3. This sensor has a height in the direction perpendicular to the solid electrolyte layer of 1.5 mm, a 

15 width of 3.5 mm and a length of 5 mm. Fig. 7 is a transverse cross-sectional view taken along tine B-B' of the Example 
of Fig.6. The present embodiment differs from Example A1 In that the first cavity 2 and the second cavity 4 are arranged 
substantially in register (overlapping) with each other in the vertical direction. Also, the present Example differs from 
Example A1 in that the first diffusion path 1 is provided on both sides of the sensor instead of on the distal end side of 
the sensor, and in that the insulating films 1 1 -1 , 1 1 -2, 1 1 -3 and 1 1 -5 are interposed each between the solid electrolyte 

20 layers 5-1 . 5-2, 5-3, 5-4. 5-5 and 5-6. writh the electrodes of the oxygen cells being insulated from each other. Although 
the second cavity 4 is not charged with the porous material, the second cavity 4 may also be charged with the porous 
material, as in Example A2 described above. In RgJ. there is also annexed a micro-computer 20 having a power 
source unit 15 and an ammeter 16 of the first oxygen pumping cell 6, a potentiometer 17 of the oxygen concentration 
measuring celt 7, a power source unit 19 arKl an ammeter 18 of the second oxygen pumping cell 8 and a recorder 21 . 

25 A reference oxygen ooncentration of the present sensor is kept in communication via a pre-set diffusion resistance with 
outside air by the fact that the electrode 7-b and its leads are porous. If a constant small current is allowed to flow in the 
oxygen concentration measuring cell 7. the electrode 7-b can be used as a self-generating reference electrode. The 
self-generating reference electrode has a merit that the reference oxygen concentration is not influenced by changes in 
the oxygen concentration In air. 

30 

Example A4 

Fig.8 shows, in perspective, an illustrative layout for manufacturing a nitrogen oxide concentration sensor embody- 
ing the present invention. If a minute constant current is allowed to flow through the oxygen concentration measuring 

35 cell 7, the electrode 7-b may be used as a self-generating reference electrode. 

Fig.9 shovt/s a heater used by being laminated on the nitrogen oxide concentration sensors of Rgs.6 and 8. This 
heater 24 is made up of a heat generating part 22 of an alumina-platinum composite material screen-printed on a solid 
electrolyte layer 5-7 and a platinum lead wire 23. This heater 24 is laminated below and consolidated to a sensor shown 
for example in Fig.6. When viewed being projected on the solid electrolyte layer in a vertical direction, the heat gener- 

40 ating part 22 is substantially in register witii the first cavity 2 and the second cavity 4. In the present Example, the heater 
24 is embedded in the insulating film 1 1-6 of high-purity alumina ceramic and is insulated from the electrode of the sec- 
ond oxygen punping cell. 

Test Example A1 

45 

A method of measuring nitrogen oxides in a measuring gas maintained at 1 atmosphere, using the nitrogen oxide 
concentration sensor of Example A2 (having the configuration of Rg.2), is now explained. Fig. 10 is a graph showing the 
relation between the pump current lpi (mA) f bwing in the first oxygen pumping cell and the oxygen concentration In tiie 
measuring gas when the first oxygen pumping cell is controlled for maintaining the oxygen concentration in tiie first cav- 

50 Ity at 1 ppm, provided that the nitrogen oxide ooncentration in a measuring gas containing 10% of CO2 introduced into 
the first cavity at a gas temperature of SOO^'C and a sensor temperature of 760*'C is varied to 0 ppm and 1000 ppm, with 
an oxygen ooncentration being 7%, 3% and 1% (with tiie remaining gas being nitrogen). 

Next, tiie correlation between the pump current tp2. flowing on impressing 450 mV across the second oxygen 
pumping celt, and the punp current lp2, with the oxygen concentration in the measuring gas being 1%, 3% ard 7%, was 

55 fourxJ. The results are shown in Rg. 1 1 . From tiie graph of Fig. 1 1 , the cun'ent value IpgO of the second oxygen pumping 
cell can be determined. On the other harrd, since there is a pre-set functional relation (herein a linear relation) of Rg.12 
between the nitrogen oxide concentration and tiie pump current Ipa* an oxygen concentration in the measuring gas can 
be determined from pump current Ipi of the first oxygen pumping cell by previously finding data shown in Figs. 10 and 
1 1 , and current IP2O conresponding to the determined oxygen concentration at that time <^ be found from Flg.1 1 . If 
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Ip20 is determined, a substantially linear functional curve shewing the relation between the punip current Ip2 and the 
nitrogen oxide concentration can be plotted on the graph of Fig. 12, so that a high-precision nitrogen oxide concentra- 
tion, as corrected on the basis of the pump current IP2O, can be found. There are occasions wherein, depending on the 
design parameters of the nitrogen oxide concentration sensor, the relation between the punrp current Ip2 and the oxy- 
s gen concentration shown in Rg.11 may be such as shown in Fig. 13. In this case, the nitrogen oxide concentration can 
be corrected in a similar manner using the oxygen concentration as found from the pump current Ip^ . 

Test Example A2 

10 Fig. 14 is a graph for illustrating the state of use of an Example of a nitrogen oxide concentration sensor. In this fig- 
ure, the ordinate and the abscissa represent the temperature {**C) in the first cavity and In the second cavity and the 
oxygen concentration (%) represented by -log [O2I. respectively. An area A and an area B in the figure denote an area 
where the nitrogen oxide is stable and an area where the nitrogen oxide is decomposed, respectively. In Fig. 1 4, a chain- 
dotted horizontal line denotes a lower limit temperature at which the oxygen pumping cell can be operated, while ATa 

15 and ATb denote ranges of temperature difference in the first cavity of a sensor having a small temperature difference 
and in the first cavity of a sensor having a large temperature difference, respectively. On the other hand, [O^^ and [0^2 
denote a control range for the oxygen concentration in the first cavity and tiiat in the second cavity, respectively. 

In an oxygen concentration battery, an electro-nxrtive force (EMF) e generated between electrodes of the oxygen 
concentration measuring cell Is given by 

20 e = - {RT/hF)ln{P i/P a) . where F is a Faraday constant, R is a gas constant per mol, T is an absolute tenpera- 

ture and . P2 are oxygen partial pressures at botii electrodes. In the oxygen concentration measuring cell, the oxygen 
concentration in the first cavity is measured using the oxygen partial pressure in air as a reference. 

In nitrogen oxide concentration sensor of the Example A2 of Fig.2 or Example A3 of Rgs.6 and 7, there is no cur- 
rent leakage between the electrode of the oxygen concentration measuring cell and the electrode of the second oxygen 

25 pumping cell, so that It becomes possible to control the oxygen concentration in the first cavity to a high accuracy arxJ 
hence to control the oxygen concentration In the first cavity to a constant value within a nan'ow range. If the oxygen con- 
centration in the first cavity is fluctuated, such fluctuations directiy affect the detected value of tiie nitrogen oxide con- 
centration. The fluctuations In the oxygen concentration in the first cavity directiy represent a measurement eror. For 
example, if the oxygen concentration in the first cavity is fluctuated by 1 ppm. such fluctuation is significant in case of 

30 measuring the nitrogen oxide concentration of the order of a few ppm. With the nitrogen oxide concentration sensor of 
Exanple A2. it is possifc»le to control fluctuations in the oxygen concentration in the first cavity so as to be approximately 
within ±0.01 ppm. If the second cavity 4 is charged with a porous material, the effective volume of the second cavity is 
small so that the punp current lpi of the second oxygen punping cell reaches an equilibrium value in a shorter time 
resulting in high responsiveness in measuring the nitrogen oxide concentration. 

35 When controlling the oxygen concentration in the first cavity to a preset lO^-\ whWe monitoring the oxygen concen- 
tration in the first cavity by an oxygen concentration measuring cell with the oxygen partial pressure in air as a refer- 
ence, even if the temperature fluctuations of ATa would exist in tiie first cavity, there is no risk of decomposition of 
nitrogen oxides in ttie first cavity. However, if the temperature fluctuations of ATa would exist in the first cavity, the state 
of part of the first cavity is nrraved into an area B in Rg. 14 to decompose part of the nitrogen oxides. Therefore, if tiie 

40 measuring gas in tiie first cavity is sent via the second diffusion patii to the second cavity to lower the oxygen concen- 
tration to [0^ for realizing complete decomposition of the nitrogen oxides, part of nitrogen oxides Is already decom- 
posed and hence the concentration of nitrogen oxides cannot be measured accurately. 

Test Example A3 

45 

The nitrogen oxide cono^ration sensor of Example A3 shown in Figs.6 and 7 were introduced via a hole formed 
in an exhaust gas pipe of an internal combustion engine fbwn through by a measuring gas for measuring tiie concen- 
tration of tiie nitrogen oxides. With the present sensor, it has been found that, if the sensor is viewed to be projected in 
a direction perpendicular to the solid electrolyte layer, the first cavity, second cavity and the heat generating part are 
50 substantially in register with one anottier, so that, if a measuring part of the sensor Is viewed to be Inserted via a hole 
formed in tiie pipe wall for detecting the nitrogen oxide concentration of tiie measuring gas flowing In the p^e. the first 
cavity, second cavity and the oxygen concentration measuring cell are substantially at the same distance from tiie pipe 
wall, such that there Is produced substantially no temperature difference ascribable to the tenrperature distribution in 
the pipe. 

55 On tiie otiier hand, since the first cavity is not elongated In shape, the temperature difference in the first cavity ^ 
small, thus enabling high-predsion control of tiie oxygen concentration in the first cavity. Since tiie measuring gas at a 
pre-set low oxygen concentration is sent from the second diffusion path to the first cavity for measuring the nitrogen 
oxkJe concentration in the measuring gas, the nitrogen oxide concentration can be measured with high accuracy. More- 
over, it has been found ttiat since the heat generating part of tiie heater is In register with the f Ird cavity, second cavity 
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and the oxygen concentration measuring cell on a projection drawing, ttie sensor part of the sensor can be heated eas- 
ily, white the power consumption of the heater required for maintaining the temperature of the sensor part at a pre-set 
value can be lowered. It is also desirat^e to use two of the heaters configured as shown in Fig.9 and to arrange the sen- 
sor part in-between these heaters to provide a sandwich structure. Fig.1 5 shows such an example. Between the upper 

5 or lower heater 32 and the first or second pumping cell, respectively, is formed an exhaust conduit 31 communicating 
with outside air for exhausting the oxygen gas extracted from the punrping cells. The base portion of the heater 32 is 
bonded to the base part of each pumping cell by an adhesive layer 33 such as a cement layer. An electrode of the oxy- 
gen concentration measuring cell 7 disposed on the side opposite to the first measuring chamber (cavity) serves as an 
internal reference electrode communicating with outside air. via a porous electrode and a porous lead. 

10 It has also been found that, if a sensor is connected, as shown by Example A3 in Fig.7, to a micro-computer having 
a recorder for measuring or controlling the oxygen concentration or temperature of the sensor part, and the micro-com- 
puter is caused to execute con-ection calculations based on data as found with the reference gas from the outputted first 
pump current Ip^ or the second pump current Ip2, a measured value of the corrected nitrogen oxide concentration can 
be obtained on a real-time basis so as to be directly used for realizing driving control of the internal combustion engine 

15 by connecting the micro-computer to the control system of the internal combustion engine. 

Comparative Example A1 

Using a conventional nitrogen oxide concentration sensor configured as shown in Figs.3 ard 4, attempts were 
20 made for measuring the nitrogen oxide concentration. It has thus been found that the temperature setting range of the 
nitrogen oxide concentration sensor which allows normal operation of the sensor is relatively narrow. The reason was 
presumed to reside in that, due to the elongated shape of the first cavity of the nitrogen oxide concentration sensor, a 
temperature difference exists in the first cavity. It has also been found that, when measuring the nitrogen oxide concen- 
tration in the measuring gas of low nitrogen oxide concentiBtion. tiie conventional nitrogen oxide concentration sensor 
25 is significantiy lower in measurement accuracy than tiie nitrogen oxide concerrtration sensor of the present invention. 

Example A5 and Comparative Example A2 

Fig. 1 8 is a cross-sectional view taken along tiie long side of tiie nitrogen oxide concentration sensor of tiie Example 

30 A5 of the present invention. The schematic structure of the crucial portion of tiie nitrogen oxide concentration sensor of 
the Example A5 of the present invention shown in Fig.18 is as shown on tiie left side of Fig.17 (NOx sensor embodying 
the present invention). That is, as explained previously, two first diffusion apertures (first aperture paths) are provided 
at a significant distance from the second diffusion aperture (secorxi diffusion path) and the oxygen partial pressure 
measuring electrode 7 is smaller in size than the entire area of the bottom surface of the first measuring chamber 2 

35 (shorter than tiie entire length of the first measuring chanrtier 2), and is arranged at a spacing from tiie first diffusion 
aperture 1 in the vicinity of the second diffusion aperture 3. On the other hand, the sensor of the type 4 of the Compar- 
ative Example has four first diffusion apertures 1 in the vidnrty of the second diffusion aperture 3 for allowing the meas- 
uring gas to flow into the first measuring chamber, and an oxygen partial pressure measuring elect'ode 7-a is provided 
neighboring the first diffusion aperture 1 in substantially the entire area of the bottom surface of tiie first measuring 

40 chamber 2. On the other hand, ttie structure of the niti'ogen oxide concentration sensor of Example A5 differs from tiie 
sensor of the Example shown in. for example. Fig.1 . is that tiie first diffusion apertures 1 are disposed opposed each 
other facing tiie short side of the first measuring chamber 2, tiie second diffusion aperture 3 is disposed at a spacing 
from tiie first diffusion aperture 1 towards tiie sensor end portion (first measuring chamber 2) and heating means 
formed by a Pt patterned wire is arranged as a separate member to sandwich (or surround) the element, while the dis- 

45 tance t>6tween the first diffusion aperture 1 and tiie oxyg^ partial pressure detection electrode 7 is maintained at a pre- 
set value. 

The sensors of types 1 to 3, in which the distance A between the first diffusion aperture 1 shown in Rg. 1 7 and the 
oxygen partial pressure detection electrode 7-a was changed as shown in Tat)le A1 , were prepared. The sensor of the 
type 4. as a Control Example, is of the same sh^e as the sensors of the types 1 to 3 except the configuration of tiie 

50 first aperture 1 or of tiie oxygen partial pressure detection electrode 7-a, and the relative disposition. The sensor is of 
a height (as measured in tiie direction of extension of the second diffusion aperture) of 1.35 mm, a widtii in the trans- 
verse direction (the direction of extension of the first diffusion aperture) of 4.1 mm. a length in the longitudinal direction 
(the direction of extension of the first measuring chamber) of 45 mm, with a width of the first diffusion aperture in tiie 
vertical direction in Fig.17 of 2.4 mm and virith a diameter of the second diffusion aperture 3 of 1 .1 mm. The oxygen par- 

55 tial pressure detection electrode 7-a of the types 1 to 4 (see Fig.1 7) is of a size (vertical direction x left-to-right direction 
in Fig.1 7) of 6.9 x 2.2 mm for type 1 and of 2.0 x 2.2 mm for types 2 to 4, with a thickn^s being 1 0 to 20 |xm for all types. 
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Table A1 



Type 


A (mm) 


Type 1 


3 


Type 2 


1.5 


Types 


0 


Type 4 


Conventional type 



15 Test Example A4 



Using the sensors of types 1 to 4, the oxygen concentration detection potential Vs and the pump current Ip2 of the 
second oxygen pumping cell were measured. The measurement conditions in case of measuring the con-elation 
between the oxygen concentration detection potential Vs and the gain of the pump current Ipg of the second oxygen 

20 pumping cell were at an exhaust gas temperature of 300<'C, sensor temperature of 800°C. an oxygen concentration in 
the exhaust gas of 7% and NO = 1500 pm. For measuring the correlation between the oxygen concentration and Ip2. 
the exhaust g^ temperature was SOO'^C, sensor temperature was SOO'^C. oxygen concentration in the exhaust gases 
was 1, 4 and 7% and NO = 0 ppm. For measuring the correlation between the heater power and Ip2, the exhaust gas 
temperature was 300*'C, oxygen concentration in the exhaust gases was 7% and NO = 0 ppm. The sensor temperature 

25 is changed with the heater voltage (power), with a heater power of 16 W corresponding to 800**C. The gain of Ip2 is 'an 
amount of change (^A) of Ip2 in case of application of the pre-set concentration of NO:1500 ppm'. The gain is prefened 
to be high for a better measuring sensitivity of NO gas concentration and not to be fluctuated by foreign factors. The 
offset of tp2 is "the value of Ip2 (|xA) in case of non-application of NO" and Is equivalent to the concentration of residual 
oxygen left unpumped in tiie first measuring chamber. A small offset value Is preferred, while it is prefen-ed that the off- 

30 set be more dull to various foreign factors, such as fluctuations in the oxygen concentration in tiie measuring gas atmos- 
. phere or temperature. Table A2 and Fig. 19 show the correlation between tiie oxygen concentration detection potential 
Vs for the sensor types 1 to 4 and the gain of the pump current (nitrogen oxide concentration detection current) Ip2 of 
the second oxygen punping cell. Table A3 arKi Rg.20 show the correlation between the oxygen concentration for sen- 
sor types 1 to 4 and Ip2, while Table A4 and Fig.21 shows ttie correlation between the heater power and Ip^. 

35 



Table A2 



Relation between Vs set and Ip2 


Vs(mV) 


lp2ftiA) 




Typel 


Type 2 


Types 


Type 4 


200 


14.75 


14.2 


13.7 


13.68 


250 


13.38 


14 


14.57 


12.19 


300 


12.41 


12.65 


12.92 


8.13 


350 


10.89 


11 


3.76 


3.1 


400 


9.89 


8.75 


2.81 


1.2 


450 


9.08 


3.25 







It is seen from Table A2 and Fig. 19 that the further away from the first diffusion aperture 1 the oxygen partial pres- 
55 sure detection electrode 7-a and the smaller the area of the oxygen partial pressure detection electrode 7-a formed 
around the second diffusion aperture 3, the lesser is the gain change of the pump current Ipg of the second oxygen 
pumping cell relative to changes in tiie oxygen concentration detection potential Vs, the larger is the gain of the pump 
current and the higher is the NO gas concentration measuring sensitivity. 



15 



EP0810430 A2 



Table A3 



Oxygen Concentra- 
tion(%) 


lp2&iA) 




Type 1 


Type 2 


Types 


Type 4 


1 


19.35 


35 


55 


87.28 


4 


9.95 


23 


41 


66.89 


7 


6.1 


19 


35 


54.22 


20 


4.12 


14 


29 


61.56* 



It is seen from Table A3 and Fig. 20 that the further away from the first diffusion aperture 1 the oxygen partial pres- 
sure detection electrode 7-a and the smaller the area of the oxygen partial pressure detection electrode 7-a formed 
around the second diffusion aperture 3. the lesser is the value of and fluctuations in the nitrogen oxide concentration 
detection cun-ent Ip2 relative to changes in the oxygen concentration and the lesser the influence of foreign distur- 
20 bances on the oxygen concentration. 



Table A4 



Relation between Heater Power and Ip2 


Heater Power (W) 


lp2aiA) 




Typel 


Type 4 


20.475 




54.22 


17.575 




23.94 


14.79 




40.92 


21.52 


36.36 




18.76 


14.05 




17.23 


8.2 




16.02 


6.15 




14.87 


5.2 




13.62 


5.3 





It is seen from Table A4 and Rg.21 that the further away from the first diffusion aperture 1 the oxygen partial pres- 
45 sure detection electrode /-a and the smaller the area of the oxygen partial pressure detection electrode 7-a formed 
around the second diffusion aperture 3, as in the type 1 sensor, the lesser is the value of and fluctuations in the value 
of the nitrogen oxide concentration detection current Ip2 relative to the element temperature and tiie lesser is the influ- 
ence of disturbances on the sensor. 

From the above results, it has been shown that the gain fluctuations in the Ip2 gain, the offset value, its fluctuations, 
50 the influence of element temperature fluctuations become lesser In the order of the types of 1 to 4 (witii the type 1 being 
the best) to permit accurate measurement of nitrogen oxide concentration. Moreover, a sensor with a distance t>etween 
the first diffusion aperture and tiie oxygen partial pressure detection electrode A = -1 .5 mm or longer is preferred, with 
a sensor with A = 3 mm or longer being more preferred. A sensor having arry optional value A of not less than 1 .5 mm 
is also preferred. 

55 It is tiiought to be desirable to provide the first diffusion aperture and the oxygen partial pressure detection elec- 
trode at a spacing from eadi other by not less than 2/3 (pref&Bbly by the same length) or longer of tiie length along tiie 
long side of the first measuring cheimber of the oxygen partial pressure detection electrode in the longitudinal direction 
of the first measuring chamt>er (in the direction proceeding from the first diffusion aperture towards the second diffusion 
aperture, that Is in the vertical direction in Fig.17). 
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Manufacturing Example A 



The method to manufacturing a nitrogen oxide concentration sensor shewn in, for exanrtple, Fig. 18, and its layout, 
will now be explained, ng.22 {A),(B) illustrates the method for manufacturing a nitrogen oxide concentration sensor and 
s its layout. From Fig.18 and from the following explanation, the layout and the manufacturing method of other Examples 
and Comparative or Control Examples will be understood easily. 

Referring to Fig.22 (A),(B), a ZrOa sheet and a paste for electrodes are layered from left upper side towards left 
lower side and from right upper side towards right lower side to form a unitary sensor. The paste materials, such as an 
insulating coating or electrodes, are layered by screen printing on a pre-set Zr02 sheet. A manufacturing example A of 
10 various component parts, such as ZrOa. shown in Fig.22, is now explained. 



Forming of Zr02 Sheet 

X ZrOg powders were calcined at 600''C for two hours in an atmospheric oven. 30 kg of the Zr02 thus fired was mixed 
15 /in a trommel with 150 g of a dispersant, 10 kg of an organic solvent and 60 kg of balls. The resulting mixture was mixed 
/ and dispersed for apprcodmately 50 hours and admixed with 4 kg of an organic blinder dissolved in 1 0 kg of an organic 
( solvent. The resulting mixture was further mixed fa 20 hours to produce a slunry having a viscosity of the order of 10 
\ Pa.s (Pascal/second). From this slurry, a ZrOg green sheet with a thickness of the order of 0.4 mm was prepared by the 
(doctor blade method and dried at 100°C for one hour. 



20 



Paste for Printing 



(1) A printing paste for a first oxygen pumping electrode a. an oxygen partial pressure detection electrode (oxygen 
reference electrode] a and the second oxygen pumping electrodes a and b were prepared by mixing 20 g of plati- 

25 num powders. 2.8 g of ZrOa powders and a suitable amount of organic solvents in a mortar machine or a pot-mill 
and further mixed and dispersed for four hours. To the resulting mixture were added 2 g of an organic binder dis- 
solved in 20 g of an organic solvent and 5 g of a viscosity adjustment agent. The resulting mixture was further niixed 
Jor four hours to produce a paste having a viscosity on the order of 1 50 Pa.s. 

(2) A printing paste for the first oxygen pump electrode b and for the oxygen partial pressure detection elecfrode 
30 (oxygen reference elecfrode) b. was prepared by mixing 19.8 g of platinum powders, 2.8 kg of Zr02 powders, 0.2 g 

of gold powders, and a suitable amount of an organic solvent, for four hours and dispersed by a mortar machine or 
pot milt. To the resulting mixture were added 2 g of an organic binder dissolved in 20 g of an organic solvent and 5 
g of a viscosity adjustment agent. The resulting product was further mixed for four hours to produce a paste having 
a viscosity of 150 Pa.s. 

35 (3) A printing paste for an insulating coating and protective coating was prepared by mixing 50 g of alumina pow- 
ders and a suitable amount of an organic solvent in a mortar machine or a pot mill, for 12 hours, by adding 20 g of 
a viscosity adjustment agent and by mixing the resulting mass for three hours. In this manner, a paste with a vis- 
cosity of the order of 100 Pa.s was formed. 

(4) A printing paste for a porous material containing Pt (for lead wires) was ixepared by mixing 1 0 g of alumina pow- 
4C ders, 1 .5 g of platinum powders, 2.5 g of an organic binder arxj 20 g of an organic solvent in a mortar machine or 

pot-mill for four hours by admixing 1 0 g of a viscosity adjustment agent and mixing the resulting mass for four hours. 
In this manner, a paste having a viscosity of the order of 100 Pa.s was produced. 

(5) A printing paste for the first diffusion aperture was prepared by weighing 10 g of alumina powders with an aver- 
age particle size of 2 \im, 2 g of an organic binder and 20 g of an organic solvent in a mortar machine or pot-mill, 

45 mixing and dispersing the resulting mass and admixing 10 g of a viscosity adjustment agent The resulting mass 
was further mixed for four hours to produce a paste having a viscosity of the order of 400 Pa.s. 

(6) A printing paste for cartx)n coating was produced by weighing 4 g of carbon powders, 2 g of an organic binder 
and 40 g of an organic solvent mixing and dispersing the resulting mass in a mortar machine or a pot-mill, and 
admixing 5 g of a viscosity adjustment agent for 4 hours. By printing a cart)on coating, rt becomes possible to pre- 

50 vent a first oxygen pump electrode b from being contacted with the oxygen reference electrode b, as an example. 
The carbon coating is used for forming a first measuring chamb& and a second measuring chamber. Since cart>on 
is burned off during firing, there is no cartoon coating layer on the fired product. 



Pellets 

For the diffusion aperture, 20 g of alumina powders with an average particle size of the order of 2 (tm, 8 g of an 
organic binder and 20 g of an organic solvent were mixed in a mortar machine or pot-mill for one hour and granulated. 
The resulting mass was pressed by a metal mold press under a pressure of approximately 200 MPa (2 t/cm^ to pro- 
duce a cylindrically-shaped press-molded product of t.3 mm in diameter and 0.8 mm in thickness in a green state. The 
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press-molded product in the green state was inserted into pre-set portions of the second and third layers of the zirconia 
green sheets and pressed to form a unitary product which was then fired to form a second diffusion aperture in the sen- 
sor. 

5 Method of Layering ZrOg] 

After pressing affixture of the second and third layers, the portion (1 .3 mm diameter) thereof corresponding to the 
second diffusion aperture is punched and a cylindrically-shaped molded product which provides the second diffusion 
aperture is embedded in the punched portion. The first to fourth layers of Zr02 sheets were pressed and affixed to one 
10 another under a pressing force of 0.5 MPa (5 kg/cm^ for a pressing time of one minute. 

Removal of Organic Binder and Firing 

The pressed and affixed molded product was subjected to removal of organic binder at 400°C for two hours and 
15 fired ai 1 500*'C for one hour. 

As for the aspects of At to A3, the effects of the present invention may be summarized as follows: 
If the nitrogen oxide concentration sensor according to aspect A1 of the present invention, since the oxygen con- 
centration measuring cell and the oxygen pumping cell are provided in different solid electrolyte layers, and hence only 
little or no cun-ent flows between the electrodes of the oxygen concentration measuring cell an the electrodes of the oxy- 
20 gen pumping cell , due to insulation between the electrodes, the measung accuracy of oxygen concentration is high thus 
enabling the oxygen concentration in the first cavity to be controlled accurately. This assures stable and accurate meas- 
urement of the nitrogen oxide concentration on a practical level even if the nitrogen oxide concentration oxide in the 
measuring gas is low. 

With the method for measuring the nitrogen oxide concentration in aspect A2 of the present invention, the influence 

26 on the measured value of the nitrogen oxide concentration of the concentration of oxygen contained in the measuring 
gas may be eliminated or removed by connection to enable a measured value of high accuracy to be obtained in a stable 
manner. By annexing a microcomputer to tiie nitrogen oxide concentration sensor, tiie measured value of the corrected 
nitrogen oxide concentration may be obtained on the real-time basis to enable connection to a control system for a com- 
bustor of, for example, an internal con^stion engine. 

30 With aspect A3 of the present invention, since the electrode of the oxygen concentration measuring cell is partially 
disposed in the vicinity of the second diffusion path on a layer surface of the solid electrolyte layer formed with the aper- 
ture of the second diffusion path in a wall surface which defines the first cavity, or at least tiie electrode of the oxygen 
concentration measuring cell towards the first cavity is disposed at a spacing from the first diffusion path in tiie vicinity 
of the second diffusion path, the concentration of residual oxygen in the first measuring chamber can be measured 

35 accurately, so that rt becomes possible to lower the residual oxygen concentration in the first measuring chamber with- 
out decomposing nitrogen oxides, and hence the oxygen concentration dependency and temperature dependency in 
the measurement of the nitrogen oxide concentration can be reduced significantly. Moreover, by setting tiie distance 
between the internal electrode of the oxygen concentration measuring cell and the internal exit of the first diffusion path 
so as to be within a pre-set value, the above effect may be achieved more reliably. 

40 Preferred embodiments for can-ying out tiie present invention are defined in tiie sub-claims. To the basic effects in 
the aspects A1, A2 and A3 are added furtiier desirable merits and effects pertaining to the respective embodiments. 
The details have been stated in the Preferred Embodiments and Examples and hence are not explained here specifi- 
cally. 

46 Aspect B1 

Pretended Embodiments 

According to aspect B. the present inventors have found the facts set forth below, in tiie case of a NOx gas concen- 
50 tration sensor having a first oxygen (ion) pumping cell for pumping out oxygen and a second oxygen pumping cell for 
measuring the NO^ gas conc&itration from the cunrent Ip^ due to decomposition of NO^ and resulting efflux of the dis- 
sociated oxygen ions, In which an electrode outside tiie second measuring chamber of the second oxygen (ion) pump- 
ing cell is exposed to the atmosphere of the measuring gas (exhaust gas): (a) that since tiie electrode outside the 
second measuring chanrber of the second oxygen pumping cell is exposed to the measuring gas atmosphere (exhaust 
55 gas), tiie electro-motive force generated in the second oxygen pumping cell depends on charges in the oxygen con- 
centration in the atmosphere of the measuring gas. The present inventors have also directed attention to the facts (b) 
that an effective voltage (Vpg - electro-motive force (EMF))impressed across the electrodes of the second oxygen 
pumping cell for decomposing NO^ depends on tfie oxygen concentration in the measuring gas atmosphere and (c) that 
the relation Ipg = (Vp^ - EMf=)/R holds, where Ipa is tiie current flowing across the electrodes of the second oxygen 
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pumping cell (NO^ gas concerrtration measuring cunent), Vp2 is tfie voltage applied across the electrodes of the second 
oxygen pumping cell for decomposing NOx and R is the resistance across the electrodes of the second oxygen pump- 
ing cell, so that an offset value of Ip2 depends on the oxygen concentration in the measuring gas atmosphere. The 
present inventors conducts perseverant researches whic^ led to achievement of the present invention. 

s For accomplishing the above object, the present invention of the aspect B is characterized by protection means 
(member) at least partially surrounding said electrodes in the vicinity of the electrode outside of the second measuring 
chamber (cavity). The protection means alleviates or eliminate changes in the atmosphere, brought about with changes 
in the state of the measuring gas. Such changes in atrnosphere include rapid changes in oxygen concentration, 
changes in temperature arxi/or changes In the flow of atmospheric gas etc. The protection means may be provided for 

10 contpletely encircling the electrode. 

The feature of aspect B is applied with advantage to a NO2 gas concentration sensor comprising a first measuring 
chamber in which a measuring gas is introduced via a first diffusion resistance (or path), an oxygen partial pressure 
measuring electrode for measuring the oxygen partial pressure in the measuring gas in the first measuring chamber, a 
first oxygen punrpng ceil pumping out a sufficierrt amount of the oxygen in the measuring gas out of the first measuring 

15 chamber, based on the potential of the oxygen partial pressure measuring electrode, to such an extent as substantially 
not to cause decomposition of NOx measuring gas. a second measuring chamber into which the gas is Introduced 
out of said first measuring chamber via a second diffusion resistance and a second oxygen pumping ceil having on the 
inside and outside of the second measuring chancer a pair of electrodes across which a voltage is impressed to 
decompose NOx the second measuring chamber, with a current flowing therein by the dissociated oxygen in an 

20 amount corresponding to the NOx Oas concentration. 

In a NOx concentration sensor of the present invention, desirable In connection with aspect B. the protection 
means is a solid electrolyte layer laminated on the second oxygen pumping cell so as to surround the electrode outside 
of the second measuring cell provided in the second oxygen punping cell. Preferably, the protection means includes 
the solid electrolyte layer and a diffusion layer layered so as to coat the electrode for preventing the electrode from being 

25 directly exposed to the measuring atmosphere, wherein the electrode is provided outside the second measuring cham- 
ber between the second oxygen pumping cell and the solid electrolyte layer. Also preferably, the electrode outside of 
the second measuring chamber provided on the second oxygen pumping cell, diffusion layer and the solid electrolyte 
layer are laminated in this order and. more preferably, the lateral surface of the electrode is sealed with ceramics, such 
as dense alumina ceramic. The electrode is preferably constructed so as not to be directly contacted with outside air 

30 (atmosphere of the measuring gas or ambient air). 

Referring to Fig.23, essential portions of an embodiment of the present aspect, in particular the protection means 
which protect the electrode on the outer side of the secorxi nrteasuring chaniser of the second oxygen pumping ceil 
(exposed to the exhaust gas side), will be explained. In the NO^ gas concentration sensor, shown in Fig. 23. as means 
for protecting an exhaust gas side electrode 48b of the second oxygen punping cell 43 (electrode mounted on the outer 

35 side of the second measuring chamber) from rapid fluctuations in the atmosphere, a cover S3 formed of. ag.. a solid 
electrolyte is layered so as to surround the exhaust gas side electrode 48b of the second oxygen pumping celt 48 as an 
outer layer of the second oxygen pumping cell 48. This cover 53 reduces fluctuations in the oxygen concentration in the 
vicinity of the electrode 48b to stabilize the electro-motive force generated between the electrodes of the second oxygen 
pumping celt. The result is that the offset of the second oxygen pumping cell current tp2 is stabilized and the Ipg offset 

40 is reduced in particular on the low oxygen concentration side so that ultimately the oxygen concentration dependency 
of the tp2 offset and gain is lowered. 

Such NOx concentration sensor is applied with advantage to. above all, a system having a diesel engine subject to 
severe fluctuations In the oxygen concentration in the exhaust gas. or to a system subject to fluctuations In the air/fuel 
ratio. 

45 The cover 13 shown in Fig.23 is effective to prevent the severe flow of the exhaust gas from flowing around the 

space between the cover and the electrode 48b to intensify the above operation. 

Preferably, a porous diffusion layer of. for example, alumina or alumina-ziroonia complex material, covering the 

electrode 48b outside of the second measuring chamber of the second oxygen punping cell 48. is provided on the inner 

side of the cover, as shown in Fig.24A. The interstice on the inner side of the cover (clearance between the cover and 
50 the electrode 48b) or the thickness of the diffusion layer in the layering direction, is preferably in a range from 10 to 20 

Jim. 

Although the cover 53 of Rg. 23 partially surrounds the electrode 48b. it may also be mounted for completely sur- 
rounding the electrode 48b 

The present aspect is preferat^ly applied to a sensor in which the first oxygen pumping cell, oxygen concentration 
55 measuring cell and the second oxygen concentration measuring cell are provided In respective different solid electrolyte 
layers. Also, for preventing the current leakage between ttie electrodes provided in tiiese cells, an insulating layer of. for 
example, alumina ceramic etc. , is layered between these cells, f^oreover. a heater layer is preferably provided for main- 
taining a constant temperature of the oxygen concentration measuring cell. 

The solid electrolyte may be a zrrconia-ytbia solid solution or a zirconia-calda solid solution etc.. As a material for 
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the porous electrode formed on both Surfaces of the thin plate-shaped solid electrolyte layer by screen printing or firing, 
platinum or rhodium exhibiting the catalytic function or alloys thereof is preferably employed. As the first and second dif- 
fusion apertures, porous ceramics, for exanple, porous alumina ceramics, are preferably employed. Preferably, the 
heat generating part of the heater is formed of a conplex materia), such as ceramics-platinum or platinum alloys, while 

5 its lead portion is formed of platinum or platinum alloys. 

The present invention is also applicable to a CO or HC gas concentration sensor. As in the case of the NOx gas 
concentration sensor, the effect of the atmosphere (oxygen concentration or moisture) is decreased to permit accurate 
measurement of the concerttration of the measuring gas. Other preferred features are disclosed in aspects A1 to A3 
con-esponding to the JP Patent Application No. 8-160812, the contents of which can be incorporated in this aspect upon 

10 need. 

Examples B 

Referring to the drawings, embodiments of the present aspect will be explained. 

15 

Example B1 

Fig.23 is a aoss-sectional view taken along the longitudinal direction of a NOx 9as concentration sensor according 
to Example 81 of the present invention. The NOx 9^^ concentration sensor, shown in Fig.23 is made up of a solid elec- 
20 trolyte layer, a layer of a first oxygen pumping cell 46 having electrodes formed on both sides of the solid electrolyte 
layer, an insulating layer 50a including a first measuring chamber 42, another solid electrolyte layer, i.e., a layer of an 
oxygen concentration measuring cell 47 having an oxygen partial pressure measuring electrodes formed on both sides 
of tiie solid electrolyte layer, an insulating layer 50b, a layer 49 of a solid electrolyte, an insulating layer 50c including a 
second measuring chamber 4. a further solid electrolyte layer, i.e, a layer of a second oxygen pumping cell 48 having 
25 electrodes 48a, 48b formed on both sides of the solid electrolyte layer, laminated by layered in this order. In the first 
measuring chamber 42 are formed a first diffusion aperture 41 for introducing the measuring gas via diffusion resist- 
ance and a second diffusion aperture 43 spaced apart from each other. A second diffusion aperture 43 is passed 
through the oxygen concentration measuring cell 47. insulating layer 50b and the layer of the solid electrolyte 49 for 
establishing communication between the first measuring chamber 42 and the second measuring chamber 44 so that a 
30 gas containing at least NOx O2 is introduced from the first measuring chamber 42 via diffusion resistance into the 
second measuring chamber 44. 

The NOx 9^s concentration sensor of the Exanple 81 has a feature that the electrode 48b is covered by the pro- 
tective layer 53 formed of a solid electrolyte (zirconia ceramic). The protective layer 53 is laminated on the surface of an 
insulating layer 50d thicker than the electrode 48b so as to be extended in the long-axis direction of the sensor slightly 
35 spaced apart from the electrode 48b. 

The function of the protective layer is previously explained in the prefen-ed embodiment of the present aspect and 
hence is not specifically ecplained. 

Although not shown, heater layers for heating the sensor are bonded via ia cement or adhesion layer to the first oxy- 
gen pumping cell 46 and to an outer side of the protective layer 53 of solid electrolyte for sandwiching the entire sensor 
40 in tiie laminating direction. 

One of tiie features of the present sensor is that the first measuring chamber 42 and the second measuring cham- 
ber 44 are substantially in register with each other in the vertical direction. Anotiier feature is that the first diffusion aper- 
tures 41 are formed on both sides of the sensor, instead of on the distal end thereof, there is charged no porous material 
in the second measuring chamber 44, insulating films are formed between all neighboring solid electrolyte layers, and 
45 the cell electrodes are insulated from each otiier The second measuring chamber 44 may be charged with a porous 
material. 

Meanwhile, a reference oxygen concentration upon measuring by a pair of electrodes of the oxygen concentration 
measuring cell 47 may be in communication with outside air via a pre-set diffusion resistance and via tiie outer elec- 
trode of the first measuring chamber 42 and its lead wire (pattern) formed botti of a porous material. If a pre-set minute 
50 cun^ent is allowed to flow in tiie oxygen concentration measuring cell 47. one of tiie electrodes tiiereof may be used as 
a self-generating reference electrode. The self^enerating reference electrode has a merit that the reference oxygen 
concentration is scarcely affected by changes in tiie oxygen concentration In air. 

Example B2 

55 

Fig.24 illustrates the structure of a NOx 9^ concentration sensor according to another embodiment of tiie present 
invention, wherein Fig.24A is a cross-sectional view of the NOx 6^ concentration sensor according to this embodiment, 
taken atong its longitudinal direction, and Rg.24B Is a cross-sectional view taken along the direction of arrow a in 
Fig.24A. Since the NOx Oas concentration sensor according to thte example 82 is configured similarly to the NOx Q^^ 
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concentration sensor according to example B1 shown in Flg.23, the parts or components similar to those of the sensor 
of example B1 are not specifically explained. 

The NOx gas concentration sensor shown in Rg.24 includes, in addition to the structure of example B1 , a porous 
diffusion layer of alumina 54 covering the electrode 48b in an interstice between the second oxygen pumping cell 48 
and the protective layer 53 formed of. e.g.. a solid electrolyte. The protective layer 53 of the solid electrolyte and the 
porous diffusion layer 54 formed of alumina alleviate changes in atmosphere around the electrode 48b for diffusing a 
pre-set gas. 

The layout of the NOx gas concentration sensor of Exanple 82 us^ in the test examples as later explained and 
an illustrative method of forming a Zr02 sheet is explained. Meanwhile, the layout of the sensor of Example 81 and the 
sensor of a reference example will be readily understood from Rg.25. 

Rg.22(A),(B) provides the steps (1)-(26) of a first stage followed by steps {27b)-(30b) of stage (B). 

Refemng to Figs.22 and 25. Zr02 sheets and paste for electrodes are layered from upper left to lower left, upper 
right and to lows' right for produdng a unitary sensor. The paste materials, such as insulating coals or electrodes, are 
layered by screen printing on a pre-set Zr02 sheet. 

Manufacturing Exanrple B 

In the following, a manufacturing example of various component parts, such as Zr02 sheets shown partially in 
Rg.25 will be explained. 

The NOx d^s concentration sensor of Examples B1 and B2 used in Test Examples B1 and B2 has an outer dimen- 
sion of 50 mm in length in the longitudinal direction. 4 mm in width and 1 .3 mm in the direction of thickness (in the lam- 
inating direction), with the exclusion of the protective layer 53. ir^lating layer 50d and the porous diffusion layer 54. 
The second oxygen pumping cell is 0.3 mm in thickness, 2 mm in length along the long side and 2 mm in width along 
the short side of the sensor, with the electrodes of the second oxygen pumping cell being 10 to 20 ^m in thickness. The 
protective layer 53 of the electrode 48b and the porous diffusion layer 54 are 0.3 mm and 10 to 20 joim. respectively, in 
thickness. Other sizes are shown by an-ows in mm in Fig.24B. 

Using the NOx 9^^ concentration sensors of Examples B1 and B2, tests were conducted for measuring the NO gas 
concentration in the measuring gas. The control sensor of the reference example shown in Fig.28 is the same as the 
Examples of Figs.23 and 24 except that the control sensor is devoid of the protective layer 53, insulating layer 50d and 
the porous diffusion layer 54. The common measuring conditions in the test Examples 81-82 described below include 
measuring gas components: NO (0 to 1500 ppm). O2 (0 to 16%), CO2 (10%). with the balance being N2, temperature 
of the exhaust gas (measuring gas) of 300*'C and the sensor temperature of SOO^C. 

Test Exanrple B1 

Measurements were made of fluctuations in the offset value of the second oxygen pumping current for various val- 
ues of the oxygen concentration, with NO: 0%. Meanwhile, the offset means a value of Ip2 in case NO is not charged 
into the measuring gas. and is equivalent to the residual oxygen concentration left unpumped in the first measuring 
chamber 2. A smaller value of the offset is preferred.lt is desirable for the offset to be less sensitive to various extrane- 
ous conditions, such as oxygen concentration or temperature in the measuring gas atmosphere and hence less sus- 
cepttole to fluctuations. 

Table 81 and Fig.26 show the results of the Test Example 81 . Fig.26 is a graph showing the oxyg^ concentration 
dependency of the offset of the second oxyg^ pumping current Ip2. In this graph, white circles, white triangles and 
black squares denote the measured results of the Examples 81 and 82 and Control example, respectively. 
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T a b 1 e B 1 

Relation between Oxygen Cencent rat ion and Ip2 Offset 





Ip2 offset (At A) 


Oxygen 
Concent ra- 
tion(%) 


Example 1 


Example 2 


Example 3 


1 6 
7 

0 . 5 
0 


5.18 
7.83 
17.25 
2 5.57 


3.18 
4.87 
8.32 
10.44 


9.87 
11.1 
2 8. 77 
6 8.03 



As may be seen from Fig.26, the amount of ctiange in the Ip2 offset relative to the change of 1 to 1 6% of the oxygen 
25 concentration is smaller in the sensors of Examples B1 and 82 than in the sensor of the Control example. In particular, 
in the sensor of Example B2, the amount of change in the Ip2 offset foT the amount of change of 1 to 1 6% of the oxygen 
concentration is not more than 10 ^A, indicating that the amount of change in the offset is extremely smalt. Also the off- 
set value is lower in the Exanples B1 arxj B2 than in Control example. 

30 Test Example B2 

1500 ppm NO was injected into a measuring gas and the gain of the second oxygen pump current was measured 
for the oxygen concentration of 0 to 16%. Meanwhile, the gain is the amount of change of Ip2 (Alp2) on injection of NO 
at a pre-set concentration (herein 1500 ppm). A larger value of the offset is preferred. It is desirable for the gain to be 
35 less sensitive to various extraneous conditions, such as oxygen concentration or temperature in the measuring gas 
atmosphere and hence less susceptible to fluctuations. 

Table B2 and Rg.27 show the results of the Test Example B2. Fig.27 is a graph representing oxygen concentration 
dependency in terms of gain Alp2 of the second oxygen pump current In this graph, white circles, white triangles and 
black squares denote the measured results of the Examples B1 and B2 and Control example, respectively 
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Table 82 

Relation between Oxygen Cencent rat i on and Gain{A Ip2) 
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As may be seen from Fig.27. the amount of ctiange in the Ipg gain relative to the change of 0 to 1 6% of the oxygen 
25 concentration is smaller In the sensors of Exanples B1 and B2 than in the sensor of the Control example. In particular, 
in the sensor of Example B2. the amount of change in the Ip2 gain for the amount of change of 0 to 16% of the oxygen 
concentration is not more than 4 ^A. indicating that the amount of change in the gain is extremely small. Also the gain 
value is lower and the measuring sensitivity higher in the Examples 81 and B2 than in Control example. 

It is seen from the measured results of Test Examples 81 and B2 that, with the sensors of the Examples 81 and 
30 82, the measuring gas oxygen concentration d^endency of the offset and the gain of the second oxygen pump current 
Ip2 Is lowered in particular on the low oxygen concentration side, thus improving accuracy In ipg-based NOx gas con- 
centration measurement, it is also seen that since the oxygen concentration depender^y of the Ip2 offset and gain in 
the sensor of Example 82 is lowered, the oxygen concentration d^endency is further lowered if the electrode outside 
the second measuring chamber of the second oxygen pumping cell is coated with the porous diffusion layer, thus 
35 improving NO^ gas concentration measurement accuracy. 

The effect of the present aspect may be surrimarized as follows: 

In the present aspect since the measuring gas oxygen dependency of the offset and gain of the second oxygen 
pump current (p2 is lowered, measurement of the Ipg- based NOx O^s concentration may be improved in accuracy. 8y 
forming the protective layer as a solid electrolyte layer layered on the second oxygen pumping cell for surrounding the 
40 electrode outside of the second measuring chamber provided on the second oxygen purrping cell, the protective layer 
can be formed simultaneously with the cell production process thus decreasing the number of steps and lowering the 
manufacturing cost. If a diffusion layer layered for covering the electrode is provided between the second oxygen pump- 
ing cell and the solid electrolyte layer for preventing the electrode from being directly exposed to the measuring atmos- 
phere, changes in the atmosphere in the vicinity of the electrode can be alleviated to a greater extent. 

45 

- Aspect C- 

Preferred Embodiments 

50 The feature of aspect C is applied with advantage to a NO2 gas concentration sensor including a first measuring 
chant^er in which a measuring gas is introduced via a first diffusion resistance, an oxygen partial pressure measuring 
electrode for measuring tiie oxygen partial pr^sure In the measuring gas in the first measuring chamber, a first oxygen 
pumping cell pumping out a sufficient amount of oxygen in the measuring gas out of the first measuring chamt)er, based 
on the potential of the oxygen partial pressure measuring electrode, to such an extent as not to cause decompoation 

55 of oxygen in the measuring gas by NO^. a second measuring chamber into which the gas is introduced out of the first 
measuring chamber via a second diffusion resistance and a second oxygen pumping cell across which the voltage is 
impressed for deoompoang NOx iri the second assuring chamber, with the current flowing therein by pumping out the 
dissociated oxygen in an eunount corresponding to the NOx 0^ concentration. 

In connection with aspect C, preferably the first diffusion resistance (or path) is disposed at a different side from the 
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second diffusion resistance in the first measuring charTt)er (cavity) at a spacing from each other. An electrode assigned 
to the first measuring chamber and an inlet opening of the second diffusion resistance (or path) are disposed on one 
and the other of opposing wall surfaces of the first measuring chamber, respectively. At least the electrode exposed to 
the first measuring chamber of the first oxygen pumping cell is extended from the vicinity of the first diffusion resistance 
at longest to a range not reaching the immediately above area of the inlet opening of the second diffusion resistance. 
Also preferably, the electrode exposed to the first measuring chamber of the first oxygen purrping ceil is at least not 
formed directly above (overlappng with) or in the vicinity of an inlet opening (first measuring chanft>er ^de) of the sec- 
ond diffusion resistance. 

Referring to Figs.29 to 37. an embodiment of the present aspect will be explained. The measuring principle in a 
N0;( gas concentration sensor having two sets of diffusion resistances, oxygen punf^)ing cells and measuring charrtoers 
is as follows: (1) The exhaust gas flows into the first measuring chamber via a first diffusion aperture having a diffusion 
resistance. (2) By the first oxygen pumping cell, oxygen in the first measuring chamber is pumped out to such an extent 
that NOx in the first measuring chamber is not decomposed (the oxygen partial pressure in the first measuring chamber 
is controlled by an output signal dt an oxygen partial pressure measuring electrode). (3) The gas in the first measuring 
chamber (concentration-controlled gas plus NO^ gas) flows into the second measuring chamber via a second diffu- 
sion aperture having a diffusion resistance. (4) By the second oxygen pumping cell further punping out oxygen from 
the gas in the second measuring chamber, the NOx gas in the second measuring chamber is deoonrtposed into N2 and 
O2. (5) Since the current Ipg flowing through the second oxygen pumping cell has a linear relation with respect to the 
NOx concentration, the NOx Q^s concentration can be measured by detecting lp2. 

The feature of the NOx concentration sensor according to an embodiment of the present aspect is explained 
by referring to Fig.29 illustrating a sensor according to an example of tiie present invention and to Fig.37 illustrating a 
sensor according to a Control example concerning the present aspect. The present invention, however, is not limited to 
the sensor shown in Fig.29. The sensor shown in Fig.29 differs from tiie sensor shown in Fig.37 in that, in the sensor 
of Fig.29. tiie distal ends directed to tiie second diffusion aperture 63 of the electrodes 66a, 66b of tiie first oxygen 
pumping cell 66 have been removed (A > B). Tlierefore, the length of each of tiie electrodes 66a. 66b is shorter and 
hence the electrode area is smaller in tiie sensor of Fig.29. By the electrodes of tiie first oxygen pumping cell 66 being 
shorter in length, the oxygen concentration gradient in the first measuring chamber 62 in particular in tiie measuring 
gas flow direction (direction proceeding from a first diffusion aperture 61 towards a second diffusion aperture 63) is low- 
ered, tiiat is tiie oxygen concentration difference from one to tiie opposite end of the electrode 66b is reduced, tiiat is 
the oxygen concentration difference in tiie range where the electrode 66b is present is reduced, while the electro-motive 
force generated at the distal portions of the electrodes 66a. 66b is suppr^sed. as shown in Fig.29C. iVIoreover, with 
suppression of the electro-motive force generated in the electrodes 66a, 66b, the first oxygen pumping cell voltage Vpl 
is reduced resulting in a reduced temperature dependency and oxygen concentration dependency in the NOx 9^^ 
centration measurement 

This effect is attributed to the fact that the first oxygen pumping cell voltage Vpl required for pumping out excess 
oxygen is lowered so tiiat there occurs no dissociation or decomposition of tiie NO gas other tiian oxygen-pumping-out 
in the first measuring chamber. Specifically, tiie NO gas flowing Into the second measuring chamber is not decreased 
to prevent the Alp2 (gain) from being lowered. 

Moreover, since the oxygen concentration gradient in tiie first measuring channber 62 is decreased, tiie oxygen 
concentration becomes constant in the vicinity of tiie second diffusion aperture 63, so that the concentration of oxygen 
introduced into the second measuring chamber 64 for measuring the NOx concentration becomes constant. That is. the 
concentration of oxygen pumped out in tiie second measuring chamber 4 becomes constant ((P2 is stabilized) such that 
the lp2 value depends solely on the amount of NO dissociation or deconposition. 

In tiie sensor of the reference example shown in Rg.37. the electrodes 66a. 66b are extended over tiie entire lengtii 
of tiie first measurement chanrt)er 62, so that, at the distal end of tiie first measuring chamber 62 (between tiie ends of 
the electrodes 66a and 66b), an electro-motive force opposite in direction to the first pumping cell voltage Vpl may be 
generated, depending on the oxygen concentration difference inside and outside tiie first measuring chamber 62. such 
that, while oxygen is pumped out at the inlet side (directed to tiie first diffusion aperture 61 ) of tiie first measuring cham- 
ber 62, oxygen is punped into the first measuring chamber 62 at tiie outiet side (directed to the second diffusion aper- 
ture 63). Conversely, witii tiie sensor shown in Fig.29, tiie distal end of the electrode 66a has been removed, so tinat, 
as shown in Fig.29C, tiie electro-motive force is prevented from being produced at tiie distal end of the first measuring 
chamber 62 (towards tiie second diffusion aperture 63 or at tiie outiet side of tiie first measuring chamber). 

If at least the electrode of the first oxygen pumping cell provided on tiie wall surface of tfie first measuring chamber 
is too long, the first oxygen pumping cell voltage Vpl is increased to cause NOx dissociation in the first measuring cham- 
ber. If. conversely, the electrode of tiie first oxygen punping cell provided on the wall surface of tiie fir^ measuring 
chamber is too short, oxygen pumping from tiie first measuring chamber becomes insufficient. TTius in botii cases it 
results in a decreased gain of the second oxygen pumping cell cun-ent ITierefore. the lengtii ratio of at least the elec- 
trode of tiie provided on tiie wall surface of the first measuring chamber to the overall lengtii of the first measuring 
chamber along the flowing direction of tiie measuring gas in tiie first measuring chamber is set so that (electrode/overall 
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length) = 1/4 or more, or 3/4 or less arid preferably 2/7 to 4/7. or 5/7 or less. In the present specification, the numerical 
range includes not only upper and lower limit values but also any optional intermediate values. 

The NOx gas ooncentration sensor according to the present invention is characterized in that the first oxygen pump- 
ing cell 66, oxygen concentration measuring cell 67 and the second oxygen pumping cell 68 are provided in respective 

5 different solid electrolyte layers, as shown in Fig.29. This reduce the leakage current flowing between the celt elec- 
trodes to permit accurate control of the oxygen concentration in the first measuring (A^Bvrber 62. Preferably, insulating 
films or layers of alumina ceramic etc. are provided between the cells. 

Preferably, heating layer(s) for heating the sensor is laminated between solid electrolyte layers. By providing the 
heating layer, the oxygen partial pressure measuring electrode can be maintained at a suitable temperature. 

10 As a solid electrolyte of each cell, a solid solution of zirconia-yttria, a solid solution of zirconia-calcia ect. is 
employed. The porous electrodes formed by screen printing or firing on both surfaces of tiie thin plate-shaped solid 
electrolyte layer are preferably formed using platinum or rhodium exhibiting a catalytic operation or alloys tiiereof. It is 
prefen^ed to use a porous ceramic material for the first and second diffusion apertures, e.g.. porous alumina ceramics 
etc. Preferably, the heat generating part of the heater is formed of a complex material of ceramics and platinum or plat- 

15 inum alloys, while the lead portion is formed of platinum or a platinum alloy. 

The measuring method of the present invention may be applied to a CO gas sensor or a HC gas sensor, in which 
case the influence of H2O is reduced to permit accurate nteasurement of the concentration of the measuring gas. as in 
the case of the NOx Q^^ sensor. 

20 Example CI 

Referring to the drawings, example C1 of the present aspect C is explained. 

Rgs.29A to 29C illustrate a NOx Q&s concentration sensor according to an embodiment of the present aspect, 
where Fig.29A is a cross-sectional view taken along the longitudinal direction, Rg.29B is a plan view showing a first 

25 measuring chamber and Fig.29C is an enlarged cross-sectional view showing essential portions of the first measuring 
chamber. The sensor of Fig.29 includes a laminate comprising, in the following order, a layer of tiie first oxygen pumping 
cell 66 having a solid electrolyte layer and an electrode 66a (positive electrode) and a negative electrode 66b on botii 
sides of the solid electrolyte l£^er. a layer of an oxygen concentration measuring cell 67 having another solid electrolyte 
layer and an oxygen concent^tion measuring cell 67 having oxygen partial pressure measuring electrodes formed on 

30 both sides of tiie solid electrolyte layer, a layer of solid electrolyte, and a layer of a second oxygen punping ceil 68 hav- 
ing a furtiier (fourth) electrolyte layer and oxygen pumping electrodes on botii side of tiiis electi^olyte layer. Between the 
layer of the first oxygen pumping ceil 68 and the layer of the oxygen concentration measuring cell 67 is defined a first 
measuring chanrtier 62 by an insulating layer on left and right sides and a solid electrolyte layer on upper and lower 
sides in the drawing, Similariy, a second measuring chamber 64 is defined above the second oxygen pumping cell 68. 

35 The first measuring chamber 62 is provided with a first dffusion aperture 61 and a second diffusion aperture 63 for 
introducing the measuring gas via a diffusion resistance. The second diffusion aperture 63 passes through layers of the 
oxygen ooncentration measuring cell 67 and the solid electrolyte layer for establishing communication between the first 
and second measuring chsimbers 62, 64 for sending a gas containing at least NOx ^2 ^om the first measuring 
chani^r 62 via the diffusion resistance into tiie second measuring chamber 64. 

40 Between tiie neighboring solid electrolyte layers are interposed insulating layers formed of alumina ceramics. 
Altiiough not shown, heater layers for heating tiie sensor are borxied by cemeit layers for sandwiching the sensor in its 
entirety. The electrodes are connected to a device outside the sensor, such as a power source, via a lead wire pattern 
formed between the layers. 

One of the features of the sensor Is that tiie first measuring chamber 62 and tiie second measuring chamber 64 
45 are substantially in register with each other in vertical direction. /Another feature is that tiie first diffuaon aperture 61 is 
formed on both sides of the sensor, instead of on tiie distal tiiereof. tiiere is charged a porous material in the second 
measuring chancer 64. insulating films are interposed between every neighboring solid electrolyte layers, and tiie cell 
electrodes are insulated from each other. The second measuring chamber 64, delimiting a cavity, may also be filled witti 
a porous material. ' 

so The feature of tiie sensor of Rg.1 as compared to the sensor of Fig.37 as a Control exanple, is that the lengtiis 
along tiie flowing direction of tiie measuring gas from tiie first diffusion aperture to the second aperture (in tiie longitu- 
dinal direction) of tiie positive electrode 66a and tiie negative electrode 66b of the first oxygen pumping celt 66 are 
shorter than the length of the first measuring charrtier (A > B) and that the electrode 66a. 66b are not formed reaching 
up to directly above tiie second diffusion aperture 63. 

55 The operation of tiie electrodes 66a. 66b is the same as that explained in the desaiption of the preferred embodi- 
ment and hence is not explained for darity. 

Using the sensor of the Example of Rg.29 and the sensor of Control example shown in Fig.37. the NOx 6^^ con- 
centration was measured. The length along the long side, widtii (along the short side) and thickness (in tiie laminating 
direction) of the sensor are 50 mm, 4 mm and 1 .3 mm. re^ectively. The tiiickness of the first oxygen pumping cell is 
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0.3 mm, the length B along the long side and that along the short side of the first measuring chamber of the electrodes 
66a, 66b are 4 mm and 2 mm, respectively. The length along the long side, that along the short side and hieght of the 
first measuring chamber are 7 mm, 2 mm and 50 ^m, respectively. The length along the long side, that along the short 
side and thickness of the first diffusion aperture are 2 mm. 1 mm and 50 fim, respectively. The second diffusion aperture 
has a diameter of 1 mm and a distance thereto from the end (right end) of the first diffusion aperture is 5.5 mm. The 
sensor of the Control exanple (Rg.37) is of the same size as the sensor of the embodiment of Rg.29 except that the 
length along the long side of the electrodes 66a. 66b is 7 mm ( A = B ). 

The method for producing the sensor used for measurement and the layout thereof are hereinafter explained. The 
method for producing the smsor and the layout thereof are shown in Fig.22. The layout of the example and that of the 
Control example are the same except the different length of the electrodes of the first oxygen pumping cell, as shown 
in Figs.29 and 37. 

Referring to Rg.22 (A).(B), Zr02 sheets, pastes for electrodes and so forth are laminated from upper left to lower 
left, upper right and to lower right in the drawing to form a unitary sensor. In the sensors used for measurement, protec- 
tive coating paste 3, shown in Rg.22, is provided, although the protective coating Is not shown in Figs.29 or 37. Mean- 
while, a manufacturing example C for various components such as Zr02 sheets is basically the same as the 
manu^cturing example A shown in Fig.22 as to the steps including the molding of the Zr02 sheets, printing pastes, pel- 
lets, method for laminating ZrOa. removal of organic binder and firing step, except additional steps, as later explained. 

Using the NOx gas concentration sensor, thus produced, tests were conducted for measuring the NO gas concen- 
tration in the measuring gas. The measured results are shown in Tables C1 and C2 and are shown in a summary in 
Figs.30 to 36. The measurement conditions common to the test examples as later explained include measuring gas 
components NO. O2 and CO2 of 0 to 1500 ppm, 1 to 16% and 10%. respectively, with the balance being N2. exhaust 
gas (measuring gas) tenrtperature of SOO^'C, heater power of 18 to 25 W (20 W corresponds to a sensor temperature of 
800°C). 



Table CI 



Relation between Oxygen Concentration and Offset.Gain. Vpl Oxygen Pump Electrode (of 4mm) 
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IP2 Offset (jiA) 


AIP2 Gain OiA) 


VP1 (mV) 


0.2% 


Improved 


Control 


Improved 


Control 


Improved 


Control 
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6.475 


7.45 


13.31 
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184.05 
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5.89 


4.63 


13.51 
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231.3 


274.9 


16 


5.475 
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13.28 


331.9 


388.7 



Table C2 



Relation between Temperature and Off- 
set.Gain, Vpl Oxygen Pump Electrode (of 4mm) 


Heater Power 


Offset 


Gain 


VP1 


(W) 


(mA) 




(mV) 


24.985 


5.385 


12.535 


225.4 


22.99 


4.78 


12.255 


229.65 


20.969 


4.16 


11.955 


254.35 


18.945 


5.115 


11.36 


354.4 


24.989 


5.535 


13.67 


268.45 


22.995 


3.61 


13.67 


290.8 


20.976 


2.465 


13.1 


368.45 


19.05 


2.32 


10.47 


501.8 
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Table C3 



Relation between Oxygen Concentration and Off- 
set,Gain,VP1 Oxygen Pump Electrode (of 4nim) 


Heater Power 


Offset 


Gain 


VP1 


(W) 






(mV) 


21.47 


-30.01 


1.4 


994.8 



Test Exanrple C1 

15 

For various values of the oxygen concentration and for NO: 0%, fluctuations in the offset value of the secorxj oxy- 
gen pumping cunnent were measured. The offset is the amount of change of Ip2 (Alpa) when NO is not injected into the 
measuring gas. A smaller value of the offset is preferred. It is desirable tor the offset to be less sensitive to various extra- 
neous conditions, such as oxygen concentration or temperature in the measuring gas atmosphere and hence less sus- 

20 ceptible to fluctuations. The offset corresponds to the concentration of the residual oxygen left unpump^ in the first 
measuring chamber 62 (see Fig.29). Fig.30 shows the results of the test exarrple 01 . In Fig.30. which is a graph show- 
ing oxygen concentration dependency of the offset of the second oxygen pumping current Ip2. triangular and diamond 
marks denote measured data by the sensor of the example and the sensor of the Control exarrple. respectively. Refer- 
ring to Fig.30, the sensor of the Example undergoes Ip2 changes of the order of 1 fiA relative to amounts of change of 

25 1 to 16% of the oxygen concentration, thus indicating that the oxygen concentration dependency of the gain Is lower 
than in Control example. 

Test Example 02 

30 NO was injected to 1500 ppm into the measuring gas. and measurements were made of the gain of the second 
oxygen pumping current for oxygen concentration values of 1 to 1 6%. The gain represents the amount of change in Ip2 
when NO is injected in a determined amount. Fig.32 shows the results of the test example 02. In Fig.32, which Is a 
graph showing the oxygen concentration dependency of the gain Alp2 of the second oxygen pump current, triangular 
and diamond marks represent measured data by the sensor of the Example and that of tiie Control example, respec- 

35 tively. ft is seen in Fig.31 that, with the sensor of the Example, Ip2 gain is scarcely changed versus changes of 1 to 1 6% 
of the oxygen concentration, thus indicating that the temperature dependency is Improved over the Control example. 

Test Example C3 

40 The first oxygen punrping cell voltage Vpl across the first oxygen pumping electrodes with respect to changes In 
the oxygen concentration was measured for NO: 0%. The oxygen pumping cell voltage Vpl is a voltage required for 
pumping out excess oxygen in the first measuring chamber. Fig.32 shows the results of the test example C3. In Fig.32, 
which is a graph showing the oxygen concentration dependency of the first oxygen pumping cell voltage Vpl, triangular 
and diamond marks denote measured data by the sensor of the example and the sensor of the Control exannple, 

45 respectively. It is seen from Fig.32 that the sensor of the Exannple scarcely undergoes changes in tiie oxygen punp cell 
voltage lpi versus the amounts of changes of 1 to 1 6% of the oxygen concentration, thus indicating that the oxygen con- 
centration dependency of the oxygen pump cell voltage Vpl reduced as compared with the Control example. 

Test Example C4 

50 

For NO: 0%, 7 % O2 was injected to the measuring gas. and variation in offset value of the second oxygen pumping 
cell current Ip2 versus changes in heater powa^ was measured. Rg.33 shows the results of tiie test example 04. In 
Fig.33, which is a graph showing the temperature (heater power) dependency of the offset of the second oxygen pump- 
ing cell currerrt Ip2, triangular and diamond marks denote measured data by the sensor of the Exarrple and the sensor 
55 of the Control example, respectively. It is seen from Rg.33 that, with the sensor of the Example, the Ip2 offset is scarcely 
changed versus changes of 18 to 25W of the heater power, thus indicating an improved temperature dqsendency. 
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Test Example C5 

For NO: 1500 ppm. 7% of O2 was charged into the measuring gas, and measurements were made of fluctuations 
in the gain value of the second oxygen pumping current (P2 upon varying values of the heater power. Flg.34 shows the 
5 results of the test example 5. In Fig.34, which is a graph showing the temperature (heater power) dependency of the 
second oxygen pump current gain Alp2, triangular and diamond marks r^resent measured data by the sensor of the 
Example and that of the Control example, respectively. It is seen in Fig.34 that, with the sensor of the Example. Ip2 gain 
changes become substantially constant versus changes of the heater power ranging, thus indicating that the tempera- 
ture dependency is improved over the Control example. 

10 

Test Example C6 

For NO: 0%, 7% of O2 was charged into the measuring gas, and measurements were made of the changes in the 
first oxygen pumping cell voltage Vp1 for varying values of the heater power. Fig.35 shows the results of test example 

IS C6. In ng.35, which is a graph showing the temperature (heater power) dependency of the first oxygen pumping cell 
voltage Vpl, triangular and diamond marks represent measured data by the sensor of the Example and that of the Con- 
trol example, respectively, tt is seen ttiat, in the heater of the Example, the amount of change in Vpl has been signifi- 
cantly reduced versus changes in heater power of 18 to 25 W. 

From the results of the above Test Examples CI to C6 (Figs.30 to 35). it is seen that, if the electrodes of the first 

20 oxygen pumping cell (at least the electrode exposed the first measuring chamber) is longer than the length of the first 
measuring chamber, the first oxygen pumping cell voltage Vpl tends to be increased under the effect of the electro- 
motive force generated at the distal end of the first oxygen pumping cell (the distal end of the electrode opposite to the 
first diffusion aperture), with the effective voltage being then deaeased, because the adversely pumped-in oxygen Into 
the first measuring chamber is pumped out for compensating for the decreased effective voltage for maintaining the 

25 oxygen concentration in the first measuring channber at a pre-set concentration. It is also seen that, if the electrodes of 
the first oxygen pumping cell is shorter than the length of the first measuring chamber, the gain of the second oxygen 
pumping cell voltage Ip2 tends to be decreased due to insufficient pumping capability (more oxygen is diffused towards 
the second measuring chamber so that measurement of a trace amount of the NOx gas concentration becomes inac- 
curate). Fig.36 shows the relation between the electrode length of the first oxygen pumpng cell and the first oxygen 

30 punping cell voltage Vpl and the second oxygen pumping cell current Alp2 (gain). Fig.36 shows that the length of the 
first oxygen pumping electrode equal to 4 mm for the length of the first measuring chamber of 7 mm. that is a ratio of 
the electrode length to the first measuring chamber length of 4/7, is particularly preferred. The length of the first oxygen 
pump electrode approximately of 2 to 5.4 mm is preferred, while the length approximately of 3.5 to 5 mm is particulariy 
preferred. 

35 In the state where the electrode of the first oxygen pumping cell is so long as to cover the second diffusion aperture, 
it is seen that the generated EMF gives rise to increase the first oxygen punning cell voltage Vp1 and decrease Alp2. 
On the other hand, the electrodes of the first oxygen pumping cell are too short, it si seen that the Ip2 output will 
decrease because of shortage in the pumping capability. 

It is seen from above that, with the NOx concentration sensor of the present aspect, the electro-motive force 

40 (EMF) produced in the first measuring chamber is suppressed, and the first oxygen pumping cell voltage Vpl is 
decreased to suppress the dissociation and decomposition of the NO gas in the first measuring chamber, thus improv- 
ing the oxygen- and temperature dependency of NOx Qas concentration measurement for enabling more accurate 
measurement of the NOx concentration. 

45 - Aspect D- 

Pretended Embodiments 

In connection with the fifth object of the present invention, the present inventors have directed attention to the fact 
50 that (a) the generated electro-motive force (EMF) of the second oxygen pumping cell depends on fluctuations in the 
oxygen concentration of the exhaust gas atmosphere and that (b) tiie value of the cunrent Ip2 flowing in the second oxy- 
gen pumping cell d^ends on changes in the oxygen concentration in the exhaust gas. 

As a resutt of our further researches, the present inventors have found that the atxwe problem can be resolved by 
providing an electrode as a counter-electrode of the oxygen pumping cell in the second measuring chamber (cavity) 
55 (oxygen punnping out ade) within a device (between laminated solid electrolyte layers) for pumpng out oxygen by a lead 
portion of the electrode or a part thereof and by discharging the pumped-out oxygen by following various meana 

(1) The pumped out oxygen is discharged out Into the first measuring chamber via the lead portion or part thereof 
and a through-hole (see Rg.38). 
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(2) The pumped out oxygen is discharged via the lead portion into atmosphere or exhaust gas (see Fig.39). 

(3) The purrped out oxygen is discharged via a part of the lead and a porous portion into the second measuring 
chamber (see Fig.40). 

5 By the above structure and means, the external electrode of the second measuring chamber as the counter-elec- 
trode to the electrode of the oxygen pumping cell in the second measuring chamber is interrupted from the exhaust gas 
atmosphere, so that the oxygen pumped out of the second measuring chamber is pooled, thus stabilizing the oxygen 
concentration in the vicinity of the electrode and the electro-motive force generated across the electrodes of the second 
measuring chamber. The result is a decreased dependency on changes in the oxygen concentration in the exhaust gas 

10 of the pump current Ip2 flowing in the second oxygen pumping cell thus assuring accurate measurement of the NOx gas 
concentration even in the low oxygen concentration atmosphere. 

With the sensor of the D1 aspect of the present invention, as described above, the electrode provided outside of 
the second measuring chamber, referred to hereinafter as "electrode of the second oxygen pumping cell provided out- 
skJe of the second measuring chamber**), is arranged so as not to be in direct contact with air outside the sensor and 

15 diffusion resistance means discharging the oxygen with a diffusion resistance is provided around the electrode of the 
second oxygen ion pump cell provided outside of the second measuring chamber. 

The sensor having this feature preferably includes a first measuring chamber in which a measuring gas is intro- 
duced via a first diffusion resistance, oxygen partial pressure measuring electrodes measuring the oxygen partial pres- 
sure in the me^uring gas in the first measuring chamber, a first oxygen pumping cell pumping out a sufficient amount 

20 of oxygen in the measuring gas out of the first measuring chamber, based on the potential of the oxygen partial pres- 
sure measuring electrodes, to such em extent as substantially not to cause decomposition of oxygen in the measuring 
gas by NO2, a second measuring chamber into which the gas is Introduced out of the first measuring chamber via a 
second diffusion resistance and a second oxygen pumping cell having on the inside and outside of the second meas- 
uring chamber a pair of electrodes across which the voltage is impressed for decomposing NO^ in the second measur- 

25 ing chamber, with the current flowing therein by pumping out the dissociated oxygen in an amount con^esponding to the 
NOx Qas concentration. 

With a sensor of aspect D2 of the present invention, at least the diffusion resistance means is a lead portion for 
electrical connection to an external electrode of the second measuring chamber of the second oxygen (Ion) pumping 
cell, or a portion thereof. 

30 With a sensor of aspect D3 of the present invention, the external electrode of the second measuring chamber of 
the second oxygen pump cell is communicated via a lead portion by a diffusion resistance with the atmosphere of the 
sensor. 

With a sensor of aspect D4 of the present invention, the external electrode of the second measuring chamber of 
said second oxygen pumping cell is arranged between insulating layers and/or solid electrolyte layers constituting the 
35 laminated structure of the sensor and the diffusion resistance means is connected to the electrode, so that the external 
electrode of the second measuring chamber of the second oxygen pumping cell is not directly contacted with the atmos- 
phere of the sensor. The external electrode of the second measuring chamber of the second oxygen pumping cell Is 
indirectly connected via diffusion resistance means to the atmosphere of the sensor. 

With a sensor of aspect D5 of the present invention, the diffusion resistance means is communicated wrth a gas 
40 channel (or path) provided within the sensor. The gas channel is communicated with an electrode of the first oxygen 
pumping cell, a lead portion of the electrode or with the first measuring chamber. 

With a sensor of aspect D6 of the present invention, diffusion resistance means is communicated with a gas chan- 
nel provided in the sensor. The gas channel Is communicated with an electrode of the pair of electrodes of the second 
oxygen pumping cell provided inside of the second measuring chamber, referred to hereinafter as "electrode of the sec- 
46 ond oxygen punping cell provided inside of the second measuring chamber", a lead portion thereof or with the second 
measuring chamber. 

With a sensor of aspect D7 of the present invention, the lead portion communicated with the gas channel Is con- 
tacted with atmosphere. 

Witii a sensor of aspect D8 of the present invention, a solid electrolyte layer provided witti the pair of electrodes of 
50 the second oxygen pumping cell Is laminated between the solid electrolyte layer provided with the oxygen partial pres- 
sure measuring electrode and the second measuring chamber. 

Wrth a sensor of aspect D9 of the present invention, the paired electrodes of the second oxygen pumping cell are 
provided on the same surface of the solid electrolyte layer constituting the laminated structure of the sensor. 

Wrth a sensor of aspect D10 of the present Invention, the electrode of the second oxygen pumping cell provided 
55 Inside of the secorKi measuring chamber is provided surrounding an qsening of the second diffuslcxi resistance In the 
second measuring (rfiamber. 

A sensor of aspect D 11 of the present Invention includes a first oxygen punping cell for pumping out oxygen from 
the measuring gas so that NOx >s not decomposed and a second oxygen pumping cell having a pair of electrodes in a 
solid ^ectrotyte layer, tiie electrical voltage being Inpressed across said electrodes for decomposing NOx the rea'd- 
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ual gas for pumping out oxygen for causing the cunrent to flow in an amount corresponding to the amount of decom- 
posed NOx- The sensor has diffusion resistance means interrupting direct contact with atmosphere of the sensor of the 
electrode of the second oxygen punnplng cell provided outside of the second measuring channber. 

By the diffusion resistance, the diffusion resistance means diffuses the oxygen puntped out by the second oxygen 
5 pumping cell for alleviating fluctuations in the oxygen concentration around the electrode. 

The measurement principle of the NOx gas concentration sensor having two sets of diffusion resistance units, oxy- 
gen pumping cells and measuring chambers, according to an embodiment of the present aspect, is hereinafter 
explained. 

10 (1) The exhaust gas flows into ttie first measuring chamber via a first diffusion aperture having diffusion resistance. 

(2) Using the first oxygen pumping cell, oxygen in the first measuring chamber is pumped out to the extent that NOx 
is substantially not decomposed (the oxygen partial pressure in the first measuring chamber is controlled by an out- 
put signal of an oxygen partial pressure detection electrode). 

(3) The gas in the first measuring chamber (concentration-controlled gas plus NO^ gas) flows into the second 
15 measuring chamber via a second diffusion aperture having diffusion resistance. 

(4) By further pumping out oxygen by the second oxygen pumping cell, the NOx 9^^ in the secorxl measuring 
chamber is deconposed into rsl2 + Oz- 

(5) Since there is a linear relationship between the pump cun-ent Ipg flowing at this time through the second pump- 
ing cell and the NOx O^is concentration, the NOx Q^s concentration can be measured by measuring Ip2. 

20 

If there is an oxygen concentration difference between the paired electrodes of the second oxygen pumping cell, 
an electro-motive force is generated in the second oxygen pumping cell, such that, even if the voltage impressed across 
the cell is controlled to a constant value, the effective pump voltage varies. The effective pump voltage meas 'a differ- 
ence between the impressed voltage and the electro-motive force'. Therefore, if the oxygen concentration difference 

25 varies. Ip2 varies by the oxygen concentration instead of by the NOx Q^s concentration. Thus, an embodiment of the 
present invention includes means for maintaining a constant oxygen concentration difference across paired electrodes 
of the second oxygen pumping cell, that is means fbr stabilizing the oxygen concentration around the electrode provided 
outside the second measuring chamber of the second oxygen pumping cell. Such means stabilize the electro-nrotive 
force varied with fluctuations In the oxygen concentration. Since the impressed voltage is made constant, the effective 

30 pump voltage is stabilized thus enat)ling accurate NOx 9^^ concentration independent of the oxygen concentration. 
Preferably, as means for interrupting the electrode outside of the second measuring chancer of the second oxygen 
pumping cell, a protective layer, such as an alumina insulating layer and/or a solid electrolyte layer of zirconia, is pro- 
vided for breaking direct contact between the electrode and air outside the sensor. In addition, as means for discharging 
pumped*out oxygen, there is provided diffusion resistance means connected to the outside electrode for diffusing oxy- 

35 gen. Thus, the solid electrolyte layer, insulating layer and diffusion resistance means break the direct contact between 
the electrode outside of the second measuring chamber of the second oxygen pumping cell and air outside the sensor 
(atmosphere or measuring gas such as exhaust gas), while the diffusion resistance means assure oxygen discharge 
via diffusion resistance thus stabilizing the oxygen concentration around the electrode. Preferably, the diffusion resist- 
ance means is formed by a lead portion of a porous nrtaterial, such as platinum alloy rhodium alloy and alloys thereof 

40 with ceramics for eliminating the necessity of providing separate diffusion resistance means and electrical connection 
means of the electrodes, thus achieving effective utilization of a minimum spacing and reduction of the number of st^s 
and materials. 

Preferably, a solid electrolyte layer having paired electrodes of the second oxygen pumping cell is laminated 
between the solid electrolyte layer provided with the oxygen partial pressure measuring electrodes (oxygen conoentra- 

45 tion measuring cell) and the second measuring chamber. That is, the second oxygen pumping cell is arranged between 
the oxygen concentration measuring cell and the layer of the second measuring chamt>er. Preferably, for preventing cur- 
rent leakage between the electrodes, an insulating layer is provided between the solid electrolyte layer having paired 
electrodes of the second oxygen pumping cell and the solid electrolyte layer provided with the oxygen partial pressure 
measuring electrode. By arranging the second oxygen pumping cell in this manner, tiie solid electrolyte layer is utilized 

so more effectively than if the second oxygen pumping cell is arranged between the second measuring chamber and the 
outside of the sensor, and the solid electrolyte layer may be reduced further, while the laminating thickness may be 
reduced to render the sensor nrrore compact. 

A preferred NOx 9^ concentration ser^r according to the present invention is characterized in that the first oxy- 
gen purrrping cell 76. oxygen concentration measuring cell 77 and tiie second oxygen pumping cell 78 are provided on 

55 different solkl electrolyte layers (see Rg.38). This diminishes .the leakage curroit flowing between tiie cell electrodes 
for assuring accurate control of tiie oxygen concentration in the first measuring chamber. Also preferably an insulator 
or an insulating film is provided between tiie cells. 

Also preferably, a heater layer for heating the sensor Is laminated between layered solid eledrolyte layers. Such 
heater layer stabilizes the capability of the f ir^ and second oxygen pumps. 
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As the solid electrolyte of each cell, a solid solution of zirconia-yttria or a solid solution of zirconla-calcia etc. is 
employed. The porous electrodes formed by screen printing or firing on both surfaces of the thin plate-shaped solid 
electrolyte layers are preferably formed using platinum or rhodium exhibiting a catalytic operation or alloys thereof. The 
first ard second diffusion apertures are preferably formed of porous ceramics, such as porous alumina ceramics. Pref- 
erably the heat generating part of the heater is formed of a conplex material of ceramics and platinum or platinum 
alloys, while the lead portion is formed using platinum or a platinum alloy 

The measuring mettiod of the present invention may be applied to a CO gas sensor or a HC gas sensor, in which 
case the effect of H2O is reduced to permit accurate measurement of the concentration of the measuring gas, as in tiie 
case of the NO^ gas sensor. 

Examples D 

Referring to Figs.38 to 46. aspect D exarrples of the present invention will be explained. 
Example D1 

Fig.38 illustrates the structure of a NO^ gas concentration sensor embodying the present invention. 

The sensor shown In Fig.38 includes a first oxygen concentration measuring celt 76. a second oxygen concentra- 
tion measuring cell 77 and a second oxygen pumping cell 78, laminated in this order. The first oxygen punnping cell 76 
has a pair of electrodes 76a, 76b formed on botii sides of a solid electrolyte layer 75-1 . The second oxygen concentra- 
tion measuring cell 77 has a pair of oxygen partial pressure measuring electrodes 77a, 77b formed on both sides of a 
solid electrolyte layer 75-2, while the second oxygen pumping cell 78 has a pair of electrodes on tiie surfeces of tiie 
solid electrolyte layers 75-3 and 75-4, tiiat is, an electrode 78a inside of tiie second measuring chanri^er of tiie second 
oxygen pumping cell 78 and an electrode 78b outside of the second measuring chamber of the second oxygen pumping 
cell 78. Between the solid electrolyte layers 75-1, 75-2. 75-3 and 75-4 are formed insulating layers 80a. 80b and 80c. 
In an intertayer spacing between the first oxygen pumping cell 76 and the oxygen concentration measuring cell 77 is 
defined a first measuring chamber 72 by left and right Insulating layers 80a and upp^* and lower solid electrolyte layers 
75-1 and 75-2. Similarly, above tiie second oxygen pumping cell 78, a second measuring chamber 74 is defined by tiie 
Insulating layer 80c and the solid electrolyte layers 75-3 and 75-4. On one side of the first measuring chamber 72 on 
both sides along the short-side direction of tiie sensor (on the front side and back sides in Fig.38) is formed a first dif- 
fusion aperture 71 having diffusion resistance. On the opposite side of the first measuring chamber 72 is formed an 
opening of the second diffusion aperture 73 at a spacing from the first diffusion aperture 71 . The second diffusion aper- 
ture 73 passes thorough the oxygen concentration measuring cell 77 and the solid electrolyte layer 75-3 for establishing 
communication between the first and second measuring chambers 72. 74 with diffusion resistance. 

In tiie present sensor, the electrodes 78a and 78b of a porous material, such as platinum or rhodium alloy, are 
formed on the same surface of the solid electrolyte layer 75-4 of the second oxygen pumping cell 78. Altiiough the elec- 
trodes 78a and 78b are isolated from each other by the Insulating layer 80c, oxygen ion conduction occurs via the solid 
electrolyte layer 75-4 to produce a cun^ent Ip2. The electrode 78b is prevented by the solid electrolyte layer 75^. an 
Insulating layer 80c and a lead portion 78d from having direct contact with air outside the sensor, and can discharge 
oxygen pumped out by the second oxygen pumping cell 78 via the porous lead portion 78d having the diffusion resist- 
ance. To the electrodes 78a, 78b are electrically connected a lead 78c. not shown, and a lead 78d. respectively. The* 
lead portion 78d electrically connected to tiie electrode 78b outside tiie second measuring chamber 74 is porous to per- 
mit oxygen ions to be diffused. Thus, oxygen decomposed from the NOx gas and pumped out from electrode 78a to 
electrode 78b by tiie second oxygen pumping cell 78 as indicated by arow in Rg.39 is discharged via lead portion 78d. 

This oxygen, discharged via the lead portion 78d. Is discharged via the porous lead portion 76c of the first oxygen 
pumping celt 76 Into tiie first measuring channber 72 via a through-hole (or pores of a porous material) 81 as a gas 
channel communicating tiie lead portion 78d with the porous lead portion 76c of tiie first measuring chamber 72 shown 
in Fig.38 and thence into air outside the sensor. 

The measurement principle of the sensor of Fig.38 Is as described akx>ve at the preferred embodiments of tiie 
Invention, That is. an electro-motive force con-esponding to tiie oxygen concentration in tiie measuring gas Introduced 
on diffusion through tiie first diffusion ^erture 71 Into the first measuring chamber 72 is generated across the elec- 
trodes 77a, 77b of the oxygen concentration measuring cell 77. The voltage impressed across tiie first oxygen pumping 
celt 76 is controlled so that the voltage by this electro-motive force will fc>e coistant (optionally by digital or analog control 
by a micro-computer). Excess oxygen Is pumped out and the measuring gas having a pre-set oxygen concentration ts 
diffused via second diffusion aperture 73 Into tiie second me^ring chamt)er 74. Any residual oxygen Is furtiier 
pumped out by voltage Impressed across the electrodes 78a, 78b of the second oxygen pumping cell 78. By tiie cata- 
lytic action of the elecb-odes of tiie platinum allay or rhodium allay, NOx >s decomposed Into N2 and O2. This O2 is con- 
verted into ions migrating ttirough the solid electrolyte layer of the second oxygen pumping cell 78 so that tiie current 
Ip2 conresponding to tiie amount of the decomposed NOx flows between tiie electrodes 78a. 7^ of the second oxygen 
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purrping cell 78 provided inside and outside the second measuring chamber 74. The NO2 gas concentration can be 
measured by measuring the current Ip2. 

With the present sensor, in >vhich the electrode 78b as a counter-electrode of the electrode 78a of the second oxy- 
gen pumping cell 78 is mounted in the inside of the device (between the layered solid electrolytes], the solid electrolyte 

5 layer 75-4 and the Insulating layer 80c serve as protection means for the electrode 78b, white the lead portion 78d 
serves as the diffusion resistance means. Thus the electrode 78b is isolated from the atmosphere of the measuring gas 
(exhaust gas) so as to be out of direct contact with outside air, while pumped-out oxygen is pooled in the vicinity of the 
electrode 78b, thus stabilizing the oxygen concentration around or in the vicinity of the electrode 78b and the electro- 
motive force generated across the electrodes 78a, 7Bb of the second oxygen pumping ceil 78. Moreover, since the gen- 

10 erated electro-motive force is stabilized, the effective pump voltage of the pump voltage Vp2 impressed across the sec- 
ond oxygen pumping cell 78 (Vp2 - electro-motive force) is stabilized for decreasing oxygen concentration dependency 
of measurement of the NO^ gas concentration. 

Conversely, with a sensor of a Control exanple shown in Fig.43. in which the electrode 78b Is formed outside of the 
device (sensor), the effective pump voltage acting between the electrodes 78a, 78b of the second oxygen pumping cell 

15 IB is fluctuated to inaease oxygen concentration dependency of measurement of the NO^ gas concentration. 

The sensor shown in ng.38 also has a merit that the electrodes 78a, 78b of the second oxygen pumping cell 78 
can be printed at a time. 

In addition, the paired electrodes of the first oxygen pumping cell 76. oxygen pumping cell 77 and the second oxy- 
gen pumping cell 78 can be connected to outside via interlayer lead portions. In the measurement examples, as later 

20 explained, the electrodes 76a. 76b of the first oxygen punrping cell 76 and the electrodes 78a, 78b of the second oxy- 
gen pumping cell 78 are connected to a power source and to an ammeter, respectively, while the electrodes 77a, 77b 
of the oxygen concentration measuring cell 77 is connected to a voltmeter. This configuration is shown in Fig.7 (=Fig.7 
of our senior JP Patent Application 8-160812). 

Figs.39 and 40 are a plan view arxJ a cross-sectional view showing a preferred embodiment of the abcve<lescribed 

25 NOx gas concentration sensor. That is, Figs.39 and 40 correspond to the plan view and the cross-sectional views shown 
by arrows A and B in Fig.38. The sensor of Fig.40 differs from the sensor of Fig.38 in that the lead portion 78d is con- 
tacted with the air outside of the sensor (atmosphere or atmosphere of the measuring gas) so that the outside commu- 
nicates with the electrode 78d via diffusion resistance. The sensor of Fig.40 differs from the sensor of Fig.38 in that the 
porous layer (film) 81 formed between solid electrolyte layers establishes communication between the leads 78c and 

30 78d and in that oxygen pumped out by the second oxygen pumping cell is recycled to the second measuring chamber 
74 via the porous layer (film) 81 and the porous lead portion 78c and electrode 78a. 

Referring to Figs.41 to 43, a KO^ gas concentration sensor according to another embodiment of aspect D is 
explained. 

35 Example D2 

Fig.41 illustrates the structure di the NO^ gas sensor according to another example of the present aspect. The sen- 
sor shown in Fig.41 differs from the sensor of Exarrple DI in that the paired electrodes 78a and 78b of the second oxy- 
gen pumping cell 78 are provided symmetrically on both sides of the solid electrolyte layer (cell) 75-3 defining an upper 

40 portion of the second measuring chamber 74, with the oxygen pumping-out electrode 78b being electrically connected 
to the porous electrode portion 78d. The lead portion 78d may be communicated to outside air, while the pumping-out 
side electrode 78b is electrically connected to the porous lead portion 78d. The lead portion 78d nmy be connected to 
outside air, or connected to the first chamber 72 or to the second measuring chamber 74 by through-holes or porous 
holes as shown in Figs.3d or 39. By such configuration, the lowermost solid electrolyte layer in the drawing can be 

45 replaced by a layer fonned of another material. 

Example D3 

Fig.42, illustrating the structure of a NOx gas concentration sensor according to another embodiment of the present 
50 invention, is a cross-sectional view taken along the long side of the sensor. The sensor shown In Fig.42 diff^ from the 
sensor of Example D2 in that the electrode 78a of the second oxygen pumping cell 78 in the second measuring cham- 
ber 74 Is formed around or in the vicinity of the second diffusion aperture 73 and in tfiat the second measuring chamber 
74 is of reduced volume. The sensor of Example D3 is otherwise the same in structure as the sensor of Example D2. 
Using the NOy gas concentration sensors of the Examples DI to D3 and Control example, tests were conducted 
55 for measuring the NO gas concentration in the measuring gas. First referring to Fig.46, a manufacturing example of the 
sensor used for measurement is ex^ained. Rg.46 illustrates a manufacturing example and the layout of the sensor 
used for measurement 
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Manufacturing Example D 

Referring to Fig.46. a previous process A1 (steps 1 to 21) excluding step 13 are basically the same as that of the 
manufacturing example A shewn in Fig.22. In the present manufacturing example, the step 13d replaces step 13. Next 

5 to the last step 21 of the previous process A1 , the (D) process 22d to 25d shown in Fig.46 is added. According to the 
combination of Rg.22 and Rg.46, ZrO^ green sheets, electrode pastes and so forth are layered from upper left to lower 
left, upper right and to lower right (Fig.22) to complete a unitary sensor. The insulating coats and paste materials, such 
as electrodes, are layered by screen printing on a pre-set Zr02. Next, a manufacturing example of component parts, 
such as Zr02 green sheets, is explained. The pores of the porous nnaterial shown in Fig.38 are produced using the 

10 process and materials which are the same as those for the first diffusion aperture or the second diffusion aperture of 
the manufacturing example A. The porous layer or fflm shown in Fig.40 is manufactured using the materials and the 
process which are the same as those of the first diffusion aperture or the second diffusion aperture of the manufacturing 
example A. 

Namely, sheet forming of Zr02, printing paste, pellets, laminating method of Zr02, removal of organic binder and 
15 sintering are carried out in the same manner as the manufacturing example A. 

Test Example D 

Using the NOx gas concentration sensor of Examples D1 to D3 and Control example, tests were conducted for 
20 measuring the NO gas concentration in the measuring gas. The sensor used for measurement has a length along its 
long side of 50 mm, a width (along its short side) of 4 mm and a thickness (in tiie laminating direction) of 1 .3 mm. The 
first oxygen punrrping cell has a thickness of 0.3 mm. the length in tiie long-side direction and tiiat in the short side direc- 
tion of the electrodes 6a, 6b are 7 mm and 2 mm, respectively, tiie length in the long-side direction and tiiat in the short 
side direction of the first measuring chamber are 7 mm and 2 mm, respectively, with a height being 50 |uim. The lengtii 
25 in the long-side direction and that in the short side direction of tiie second measuring chamber are 7 mm and 2 mm, 
respectively, with a height being 50 fim, for Examples D1 to D3. The lengtii in tiie long-side direction and that in tiie 
short side direction of tiie second measuring chamber are 2 mm and 2 mm, respectively, witii a height being 50 |im, for 
Exarrples D1 and D3, while tiie lengtii in tiie long-side direction of the second measuring chamber is 7 mm; tiie lengtii 
along the long side and ttiat along tiie short side of the first diffusion aperture are 2 mm and 1 mm, respectively, witii a 
30 thickness of 50 ^m, and tiie second diffusion aperture being of a diameter of 1 mm, for Example D2. 



Table D 1 

Relation between Oxygen Concentration and Ip2 Offset 
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Relation between Oxygen Concentration and Gain(A Ip2) 
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Test Examples D 

25 

Using the NO^ gas concentration sensors of Examples D1 to D3 and Control example, tests were conducted on 
measuring the NO gas concentration in the measuring gas. The measured results are shown In Tables D1 and D2 and 
are shown in summary in Figs.44 and 45. TTie measurement conditions comnrK)n to the test examples as later explained 
include measuring gas components NO, O2 and CO2 of 0 and 1500 ppm, 0 to 16% and 10%, respectively, with the bal- 
30 ance being N2, exhaust gas (measuring gas) tenperature of 300**C and the heater power of 18 W. 

Test Example D1 

(1) For various values of the oxygen concentration and for NO: 0%, fluctuations in the offset value of the second 
35 oxygen pumping cun^errt Ipa were measured. The offset is the amount of Ip2 when NO is not charged into the meas- 
uring gas and is equivalent to the concentration of residual oxygen left unpumped in the first measuring chamber. 
A smaller value of the offset is preferred. It is desirable for the offset to be less sensitive to various extraneous con- 
ditions, such as oxygen concentration in the measuring gas or temperature in the measuring gas atmosphere and 
hence less susceptit)le to fluctuations. 

40 

Fig.44 shows the results of the test exannple D1 . In Fig.44. which is a graph showing oxygen concentration depend- 
ency of the Ip2 offset, circular, triangular, square and cfiamond marks denote measured data by the sensors of Exam- 
ples D1, D2 and D3 and the Control example, respectively. Refemng to Fig.44. the sensors of Examples D1 to D3 
undergo in Ip2 offset changes of 1 nA or less versus the varied range of 1 to 16% of the oxygen concentration, thus indi- 
45 eating that the oxygen concentration d^endency has been significantly improved (reduced) in particular on the low 
oxygen concentration side. 

Test Example D2 

so (2) NO was charged at 1 500 ppm into a measuring gas and the gain of the cun-ent Ip2 flowing in the second pump- 
ing cell for the oxygen was measured. The gain Is a change in Ip2 on charging NO of a pre-set concentration in the 
present test example, difference in Ipg value on charging 0 ppm NO and 1500 ppm NO. For raising the measure- 
ment sensitivity for the NO^ gas concentration, a higher value of the Ip^ gain is desirable. It is desirable tor the gain 
to be less sensitive to various extraneous conditions, such as oxygen concentration or temperature in the measur- 

ss ing gas atmosphere and hence less susceptible to fluctuations. 

Flg.45 shows results of the test example D2. In Fig.45. which is a graph showing oxygen concentration dependency 
of Alp2 (Ip2 gain), circular, triangular, square and diamond marks denote measured data by the sensors of Examples 
D1 , D2 and D3 and the Control example D. respectively. Referring to Rg.45. Ip2 gain cfanges are not more than 2 fiA 
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versus the varied range of 1 to 16% of the oxygen concerrtration, thus indicating that the oxygen concentration depend- 
ency is smaller than in the case of Control exanple. It is also seen that the Ip2 gain is higher especially on the low oxy- 
gen concentration side than In the case of the Control example, indicating improved sensitivity (resolution) In 
measurement of the NOx gas concentration. 
5 With the NOx Qas concentration sensor of the present aspect D, the electro-motive force generated across the elec- 
trodes of the second oxygen pumping cell is stattlized, thus enabling more accurate NOx Qas concentration measure- 
ment In particular in the low oxygen concentration atmosphere. Thus, the present sensor is superior as a sensor for a 
gasoline engine emitting an exhaust gas of a low oxygen concentration or an Internal combustion engine fluctuated sig- 
nificantly in the air/fuel ratio. 

10 The present invention is not limited to examples which are given only by way of illustration. These examples may 
be modified within a range tola-ated by the gist and claimed scope of the invention. 

Claims 

15 1 . A nitrogen oxide concentration sensor made up of laminated solid electrolyte layers (5), conprising: 

a first cavity (2) including a first oxygen pumping cell (6) and an oxygen concentration measuring cell (7), said 
first oxygen pumping cell having a solid electrolyte layer having a pair of porous electrodes. 

20 a second cavity including a second oxygen pumping cell having a solid electrolyte layer (5-1) having a pair of 

porous electrodes (6a, 6b), 

a first diffusion path (1) communicating said first cavity (2) with a measuring gas. and 

25 a second diffusion path (3) communicating said first cavity with said second cavity (4), 

wherein said first oxygen pumping cell (6), oxygen concentration measuring cell (7) and the second oxygen 
pumping cell (8) are provided in different solid electrolyte layers. 

2. The nitrogen oxide concentration sensor as defined in claim 1 wherein the electrodes of said oxygen concentration 
30 measuring cell (7) are electrically insulated from the electrodes of said first oxygen pumping cell and said second 

oxygen pumping cell by an insulating film (1 1) or layer provided between the solid electrolyte layers. 

3. The nitrogen oxide concentration sensor as defined in claim 1 or 2 wherein the insulating film (11-1, 11-2) or layer 
is of alumina ceramics. 

35 

4. The nitrogen oxide concentration sensor as defined in any one of claims 1 to 3 wherein the effective volume of said 
second cavity (4) is not larger than 50% of the effective volume of said first cavity (2). 

5. The nitrogen oxide concentration sensor as defined in any one of claims 1 to 4 wherein, rf the nitrogen oxide con- 
40 centration sensor is projected in a perpendicular direction of the solid electrolyte layer, said first cavity (2) is sub- 
stantially in register with said second cavity (4), and wherein said first cavity (2) is communicated with said second 
cavity (4) by said second diffusion path (3) passing through the solid electrolyte layer between the first cavity and 
the second cavity extending in tiie perpendicular direction of the solid electrolyte layer. 

46 6. The nitrogen oxide concentration sensor as defined in any one of claims 1 to 5 wherein said second cavity (4) is 
charged with a porous material. 

7. The nitrogen oxide concentration sensor as defined in any one of claims 1 to 6 wherein the porous electrode (8a) 
provided on the second cavity side of the second oxygen pumping celt (8) is made up of a metal selected from tiie 

50 group consisting of platinum, palladium, iridium and rhenium or an alloy thereof, and wherein the other electrode 
(8b) is made up of platinum or an alloy tiiereof. 

8. The nitrogen oxide concentration sensor as defined In any one of claims 1 to 7 wherein the porous electrode pro- 
vided in said first cavity is made 14) of a metal selected from the group consisting of platinum, rhodium, palladium, 

55 iridium and rhenium or alloys th^eof. 

9. The nitrogen oxide Generation sensor as defined in any one of claims 1 to 7 wherein the porous electrode pro- 
vided in saki first cavity is made l|) of a metal selected from the group oonsisting of platinum, rhodium, palladium, 
iridium and rhenium or alloys thereof and at least one selected from the group consisting of Ag, Au, Ni, Co. Cr. Fe. 
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Mn, Cu, Ti, Al. Pb, Zn, Sn and In. 

10. The nitrogen oxide concentration sensor as defined in any of claims 5 to 9 wherein a layer having a heater (24) with 
a planar heat generating part (22) is layered on the laminated solid electrolyte layers and wherein, if the nitrogen 
oxde concentration sensor is projected in a perpendicular direction of the solid electrolyte layer, said first cavity (2), 
second cavity (4) and the planar heat generating part (22) are substantially in register with one another. 

1 1 . The nitrogen oxide concentration sensor as defined in any of claims 5 to 1 0 wherein plural layers having said heat- 
ers are provided for sandwiching said laminated solid electrolyte layers. 

12. The nitrogen oxide concentration sensor as defined in daim 10 wherein a gas exhaust path discharging oxygen 
pumped out of at least one of the first cavity (2) and the second cavity (4) is provided between the layer provided 
with the heater (24) and the solid electrolyte layer. 

13. The nitrogen oxide concentration sensor as defined in any one of claims 10 to 12 uvherein the heater (24) has a 
lead portion (23) having an ambient temperature resistance not higher than 30% of that of the heater in its entirety. 

14. A method for measuring the nitrogen oxide concentration comprising: 

(a) providing a nitrogen oxide concentration sensor made up of laminated solid electrolyte layers, conprislng 
a first cavity including a first oxygen pumping cell and an oxygen concentration measuring cell, said first oxy- 
gen pumping cell having a solid electrolyte layer having a pair of porous electrodes, a second cavity including 
a second oxygen pumping cell having a solid electrolyte layer having a pair of porous electrodes, a first diffu- 
sion path communicating said first cavity with a measuring gas and a second diffusion path communicating 
said first cavity with said second cavity, said first oxygen pumping cell, oxygen concentration measuring cell 
and the second oxygen pumping cell being provided in different solid electrolyte layers, 

(b) pumping out oxygen for said first cavity by said first oxygen pumping cell while measuring the oxygen con- 
centration by said oxygen concentration measuring cell from a measuring gas introduced via said first diffusion 
path Into said first cavity, to a pre-set low oxygen concentration which does not substantially decompose the 
nitrogen oxide; 

(c) introducing the measuring gas set to a pre-set low oxygen concentration via said second diffusion path into 
said secorxJ cavity; 

(d) pumping out oxygen while a pre-set voltage is impressed across said second oxygen pumping cell provided 
in said second cavity for decomposing the nitrogen oxide in the measuring gas in said second cavity; and 

(e) measuring the concentration cf the measuring gas based on a pumping current ip2 flowing at this time 
through said second oxygen pumping cell. 

15. The method as defined in claim 14 wherein the influence of the oxygen concentration in the measuring gas on a 
measured value of the nitrogen oxide concentration is conected based on data, measured using a reference gas 
having known different values of the concentration of oxygen and nitrogen oxide. 

16. The method as defined in daim 15 wh^ein said data is given: 

(1) as a relation between the oxygen concentration of the measuring gas and a pumping cun^ent Ipi of the first 
oxygen pumping cell when the oxygen concentration in the first cavity is nr^intained by said first oxygen pump- 
ing cell at a low oxygen concentration at which nitrogen oxide is substantially not decomposed, during which 
an oxygen concentration In the first cavity is monitored by said oxygen concentration measuring cell using the 
ref^ence gas. 

(2) a relation between the O2 concentration for zero nitrogen oxide concentration and a pump current IP2O of 
said second oxygen pumping cell pumping out oxygen from said second cavity, and 

(3) a relation between the concentration as found of the reference gas having the oxygen concentration of the 
same level as the measuring gas and a nitrogen oxide concentration different from the measuring gas, and a 
punp cunent Ip2 of said second oxygen pumping cell 
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17. The method as defined in daim 15 wherein It is assumed that, even if the oxygen concentration In the measuring 
gas is changed, a determined functional relation exists between the nitrogen oxide concentration and the pump 
current lp2. and wherein the nitrogen oxide concentration is found, which is calculated and corrected In a micro- 
qonputer based on the data pre-stored In a micro-computer memory. 

18. The nitrogen oxide concentration sensor as defined in any one of claims 1 to 13 wherein the electrode of said oxy- 
gen concentration measuring cell (7) is provided in the vicinity of said second diffusion path (3) and partially on a 
layer surface of said solid electrolyte layer defining an opening of said second diffusion path, said layer surface 
being a wall surface defining said first cavity. 

19. TTie nitrogen oxide concentration sensor as defined In any one of claims 1 to 13 wherein at least the electrode (7a) 
of said oxygen concentration measuring ceil di^x>sed in said first cavity (2) is disposed at a spacing from said first 
diffusion path (1) in the vicinity of said second diffusion path (3). 

20. The nitrogen oxide concentration sensor as defined in claim 18 or 19 wherein a distance between at least the elec- 
trode (7a) of the oxygen concentration measuring cell (7) disposed in said first cavity and an exit of said first diffu- 
sion path (1) is not less than apprcodmatety 1 .5 mm as measured on the same plane. 

21. The nitrogen oxide concentration sensor as defined in any one of claims 1-13 and 18-20 wherein said pair of 
porous electrodes (6a. 6b. 8a. 8b) of the first and second oxygen pumping cells (6. 8) are disposed on both sides 
of the solid electrolyte layer sandwiching the same. 

22. The nitrogen oxide concentration sensor as define in any one of claims 1-13 and 18-21 wherein said solid elec- 
trolyte layer is thin plate-shaped ziroonia. 

23. The nitrogen oxide concentration sensor as defined in any one of claims 1-13 and 18-22 wherein the second cavity 
(4) is disposed aaoss the solid electrolyte layer across which said oxygen concentration measuring cell (7) is pro- 
vided, and the second oxygen pumping cell (8) is provided across the solid electrolyte layer neighboring said solid 
electrolyte layer of said oxygen concaitration measuring cell (7). 

24. The nitrogen oxide concentration sensor as defined In daim 23 wherein tiie second cavity (4) extends up to a layer 
level of the first cavity (2), and the second diffusion path (3) is interposed between the first cavity (2) and the second 
cavity (4) in said layer level. 

25. The nitrogen oxide concentration sensor as defined in daim 23 or 24 wherein an outer electrode (8b) of the second 
oxygen pumping cell (8) is exposed to a conduit communicating with the exterior. 

26. The nitrogen oxide concentration sensor as defined in daim 25 wherein an outer electrode of said oxygen concen- 
tration measuring cell is exposed to said conduit via an extended conduit part extending across said solid electro- 
lyte layer of tiie second oxygen pumping cell. 

27. The nitrogen oxide concentration sensor as defined in claim 23 wherein tiie second cavity extends up to a layer 
level of the first cavity and a porous material charged in tiie second cavity serves as tiie second diffusion path. 

28. The nitrogen oxide concentration sensor as defined in any one of daims 1 -1 3 and 1 8-27 wherein said first diffusion 
patii opens to a lateral side or sides of tiie sensor. 

29. The nitrogen oxide concentration sensor as defined in any one of claims 1 -13 and 8-28 wherein at least a heater is 
disposed extending over an outer porous electrode of at least one of the first and second oxygen pumping cells 
leaving a conduit communicating to the exterior of the sensor. 

30. An NOx gas concentration sensor especially according to any of daims 1 to 13 comprising: 

a first measuring chamber (42) in which a measurtr^ gas is introduced via a first diffusion resistance (41); 

an oxygen partial pressure measuring electrode (47) for measuring oxygen partial pressure in the measuring 
gas in said first measuring chamber (42); 

a first oxygen pumping ceD (46) pumping out a sufficient amount of oxygen in said measuring gas out of said 
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first measuring chamber (42), based on a potential of said oxygen partial pressure measuring electrode (47), 
to such an extent as substantially not to cause decomposition of NOx in said measuring gas; 

a second measuring chamber (44) into which the gas is introduced out of sakJ first measuring chamber via a 
second diffusion resistance (43); and 

a second oxygen pumping cell (48) having on the inside and outside of said second measuring chanri^er (44) 
a pair of electrodes (48a, 48b) across which a voltage is impressed for decomposing NOx i*^ second meas- 
uring chamber (44), with a current flowing therein t>ased on the dissociated oxygen in an amount correspond- 
ing to the NOx concentration; 

wherein protection means (53) is provided at least partially surrounding said electrodes in the vicinity of the 
electrode (4db) outside of the second measuring chamber (44), said protection means (53) alleviating changes 
in the atmosphere ktrought about with changes in the state of the measuring gas. 

31. The NOx 9^^ concentration sensor as defined in claim 30 wherein said protection means (53) is a solid electrolyte 
layer layered on saki second oxygen pumping cell (48) to surrourxJ the electrode (48b) outside of the second meas- 
uring cell (44). 

32. The NOx Q^s concentration sensor as defined in claim 30 wherein said protection means (53) Includes said solid 
electrolyte layer and a diffusion layer (54) layered to cover the electrode (48b) and to prevent the electrode from 
being directly exposed to the measuring atmosphere, said electrode (48) being disposed outside the second meas- 
uring chamber (44) as an electrode of said second oxygen punrping cell (48) between the second oxygen pumping 
cell and the solid electrolyte layer. 

33. An NOx 9^^ concentration sensor especially according to any of claims 1-13 and 18-32 comprising: 

a first measuririg chamber (62) in which a measuring gas is introduced via a first diffusion resistance (61); 

an oxygen partial pressure measuring electrode (67) Ibr measuring oxygen partial pressure in the measuring 
gas in said first measuring chamber (62); 

a first oxygen pumping cell (66) pumping out a sufficient amount of oxygen in said measuring gas out of said 
first measuring chamber (62), based on a potential of said oxygen partial pressure measuring electrode (67), 
to such a extent as substantially not to cause deconpositicn of NOx measuring gas; 

a second measuring chamber into which the gas is introduced out of said first measuring chamber (64) via a 
second diffusion resistance (63); and 

as second oxygen pumping cell (68) across which a voltage is impressed for decomposing NOx in second 
measuring chamber, with a current flowing therein based on the dissociated oxygen in an amount con^espond- 
ing to the NOx concentration; 

wherein a ratio of the length of at least the electrode of the first oxygen pumping cell (66) mounted on the wall 
sur^ce of the first measuring diamber (62) to an overall length of said first measuring chamber (62) in the flow- 
ing direction of the measuring gas in said first measuring chamber (62) is given by 

(electrode/overall length) = 1/4 to 3/4. 

34. The NOx concentration sensor as defined in claim 33 wherein 

said first diffusion resistance (61) and said second diffusion resistance (63) are an^anged at a spacing from 
each other with r^pect to said first measuring chamber (62); 

the electrode of the first oxygen pumping c^l (66) directed to the first measuring chamber (62) and an inlet 
opening of said second diffusion resistance are disposed on one and the other of opposing surfaces of the first 
measuring chanr^er (62), respectively; and 

wherein at least the electrode (66b) of the first oxygen pumpir^ cell (66) directed to the first measuring cham- 
ber (62) is exterKled from the vicinity of said first diffusion resistance (61) to a range not reaching the immedi- 
ately above area of the inlet opening of the second diffusion resistance (63). 
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35. An NOx gas concentration sensor especially according to any of daims 1-13 and 18-34. comprising: 

a first measuring chamber (72) in which a measuring gas is introduced via a first diffusion resistance (71); 

5 an oxygen partial pressure measuring electrode (77) for measuring oxygen partial pressure in the measuring 

gas in said first measuring chant}er (72); 

a first oxygen pumping cell (76) pumping out a sufficient amount of the oxygen in said measuring gas out of 
said first measuring chamber (72). based on a potential of said oxygen partial pressure measuring electrode 
10 (77), to such an extent as substantially not to cause deoonposition of NOx in said measuring gas; 

a second measuring chamber (74) into which tfie gas is introduced out of said first measuring chamber (72) 
via a second diffusion resistance (73); and 

15 a second oxygen pumping ceil (78) having on the inside and outside of said second measuring chancer (74) 

a pair of electrodes (78a, 78b) across which the voltage is impressed for decomposing NO^ in said second 
measuring chamt>er (74). with a current flowing therein by pumping out the dissociated oxygen in an amount 
con^esponding to tiie NOx gas concentration; 

wherein of the paired electrodes (78a,78b) of said second oxygen pumping cell (78). the electrode provided 
20 outside of the second measuring chamber (78b) (referred to hereinafter as "electrode of tiie second oxygen 

pumping cell provided outside of the second measuring chamber") is arranged so as not to be in direct contact 
with atmosphere outside the sensor; and 

wherein diffusion resistance means (78d) which discharges oxygen with a diffusion resistance is provided 
around said electrode of the second oxygen pumping cell (78) provided outside of the second measuring 
25 chamber (74). 

36. The NOx gas concentration sensor as defined in claim 35 wherein at least said diffusion resistance means (78d) 
comprises a lead portion for electrical connection to an external electrode of the second measuring chamber (74) 
of said second oxygen pumping cell (78). or a portion tiiereof. 

30 

37. The NOx gas concentration sensor as defined in claim 36 wherein the external electrode (78b) of the second meas- 
uring chanri^er (74) of said second oxygen pumping cell (78) is communicated via said lead portion (78d) with a 
diffusion resistance with the atmosphere outside tiie sensor 

35 38. The NOx gas concentration sensor as defined in any one of claims 35 to 37 wherein the external electrode of the 
second measuring chamber (74) of said second oxygen pumping cell (78) is arranged between insulating layers 
and/or solid electrolyte layers constituting a laminate structure of the sensor and said diffusion resistance means 
(78d) is connected to said external electrode (78b). so that said external electrode (78b) of the second measuring 
chamber (74) of said second oxygen pumping celt (78) is not directiy contacted with the atmosphere outside tiie 

40 sensor; and 

wherein the external electrode (78b) of the second measuring chamber of said second oxygen pumping cell (78) is 
indirectiy communicated via said diffusion resistance means (78d) to the atinosphere outside the sensor. 

39. The NOx gas concentration sensor as defined in any one of claims 35 to 37 wheren tiie diffuson resistance means 
4S (78d) is communicated with a gas channel (81) provided within tiie sensor, and wherein said gas channel (81) is 

communicated with an electi^ode (76b) of said first oxygen pumping cell (76), a lead portion (76c) of said electrode 
(76b) or with the first measuring chamber (72). 

40. The NOx gas concentration sensor as defined in any one of claims 35 to 37 wherein said diffusion resistance 
so means (78d) is communicated with the gas diannel (81) provided in the sensor and wherein said gas channel (81 ) 

is communicated witii the electrode (78a) of the pair of electrode of said second oxygen pumping cell (78) pro- 
vided inskle of the second measuring chamber (74). referred to hereinafter as "electrode of the second oxygen 
pumping cell provided inside of the second measuring chamber", the lead portion thereof (78c) or with the seond 
measuring chamber (74). 

55 

41. The NOx gas concentration sensor as defined in daim 31 or 39 wherein tiie lead portion (78c) communicated with 
the gas channel (81) is contacted with atmosphere. 

42. The NOx gas concentration sensor as defined in any one of daims 35 to 41 wherein the solid electrdyte layer pro- 
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vided with the pair of electrodes (78a, 78b) of the second oxygen pumping cell (78) is interposed between the solid 
electrolyte layer provided with the oxygen partial pressure measuring electrode (77b) and said second measuring 
chamber (74). 

43. The NOx gas concentration sensor as defined in any one of claims 35 to 42 wherein the paired electrodes 
(78a J8b) of said second oxygen pumping cell (78) are provided on the same surface of the solid electrolyte layer 
constituting the layered structure of the sensor. 

44. The NOx concentration sensor as defined In any one of claims 35 to 43 wherein the electrode (78a) of the sec- 
ond oxygen pumping cell (78) provided inside of the second measuring chamber (74) is disposed surrounding an 
opening of tiie second diffusion resistance (73) in said second measuring chamber (74). 

45. A NOx Sas concentration sensor especially according to any of claims 1-14 and 18-44 conrprising: 

a first oxygen punrping cell (76) for pumping out oxygen from the measuring gas so that NOx 'S substantially 
not deconrposed; and 

a second oxygen pumping cell (78) having a pair of electrodes (78a,78b) in a solid electrolyte layer, the elec- 
trical voltage being impressed across said electrodes (78a, 76b) for decomposing NOx '^^ residual gas for 
pumping out oxygen to cause the current to flow in an amount corresponding to the amount of decomposed 
NOx: 

wherein diffusion resistance means (78d) intenxipting direct contact with atmosphere of the sensor of the elec- 
trode (78b) of the second oxygen pumping cell (78) provided outside of the second measuring chamber, said 
diffusion resistance means diffusing, by a diffusion resistance, the oxygen pumped out by said second oxygen 
pumping cell to reduce fluctuations in the oxygen concentation around the electrode (78b). 

46. The nitrogen oxide concentration sensor as defined in any one of claims 10 to 13 wherein said heater (24) has a 
heat generating portion (22) formed of a conplex material comprising ceramics and Pt or Pt alloy and a lead portion 
(23) formed of Pt or Pt alloy 
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FIG. 2 5 

STEPS B STEP NO. 

(27b) insulating coating; 
A-fcry paste (3) 



''2^5^ (28b) alumina porous 

.LJt:ty paste (5) 

/ 7 (29b) Zr02 sheet 

(fifth layer) 

^/NyX^y (30b) protective coating; 

paste (3) 



FIG.22[(l)-(26)] + (B)(27b)-(30b) 



60 



EP0810 430A2 



FIG. 2 6 



RELATION OF Ip2 OFFSET v. 
OXYGEN CONCENTRATION 



70 
60 
Q SO 
E 40 

CO 

30 



■^EXAMPLE Bl 
-^EXAMPLE B2 
-■- CONTROL EX. 



1 
































































































































L 














































[ — 
^ — 
















— 1 



0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
OXYGEN CONCENTRATION(X) 



FIG. 2 7 



16 
14 
12 , 
<10c 

< 6 

4^ 

2 
n 


RELATION OF Ip2 GAIN(AIp2) v. 
OXYGEN CONCENTRATION 


-o-EXAMPlE Bl 
-^^EXAMPLE B2 
-■-CONTROL EX. 














O 


















I 
































— 1 


1 


r 












^ 1 


1 














































































t 
































































































0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
OXYGEN CONCENTRATION(X). 



61 



EP0810430 A2 



FIG. 28 




62 



EP0810 430A2 




66 a 



66b 



FIG. 2 9 (B) 



64 



FIG. 2 9 (C) 





E. M. F. 




GRADIENT OF OXYGEN 
CONCENTBATION 



63 



EP0810 430A2 



F I G. 3 0 




FIG. 3 1 



It 

RELATION OF 
02% V. ,3 s 

GAIN 



12. S - 



S 10 IS 20 

OXYGEN CONCENTRATION(%) 




OXYGEN CONCENTRATION(X) 



64 



EP0 810 430A2 



FIG. 32 

SOO I 

RELATION OF 
02% V. 




100 " ' ' ' ' 

0 S . 10 If. 20 

OXYGEN CONCENTRATION(X) 



FIG. 3 3 



RELATION OF 
TEMPERATURE 
V. OFFSET 




18 20 22 24 26 

HEATER POWER(w) 



65 



EP0810 430A2 



FIG. 34 



RELATION OF 
TEMPERATURE 
v.GAIN 




IB 



RELATION OF 
TEMPERATURE 
V. PUMP 



-S 400 



20 22 24 

HEATER POWEIl(w) 




FIG. 3 5 



21 24 

HEATER POWER(w) 



26 



66 



EP0 810 430A2 



FIG. 36 



Vpl INCREASE 
INFLUENCED BY EMF 



cx 

> 



Ed 

i 



CONTROL 
EXAMPLE 



Ip2 OUTPITT DECREASE 

BY SHORTAGE OF PUMPING ABILITY 




4 2 
PUMP ELECTRODE LENGTH(nBn) 



CX 



§ 

CO 

o 



END OF 1ST 
^ DIFFUSION 
APERTURE 



FIG. 3 7 



A = B 



66a 




67 



EP0 810 430A2 



FIG. 3 8 




7 5-1- 



A B 



7 5-4 



^ y 8 b 7 7 b 7 8 d 8 1: THRU HOLE OR POROUS 
7 4 ^7 8 02 IS RETURNED VIA 

78cl. 81 & 76c TO 1ST 



MEASURING SPACE 



FIG. 3 9 



78b 




7 ad 



•NO-»L/2N2+l/202 



02 

OZJS PUMPED OUT 
VIA LEAD 78d. 



FIG. 40 



7 8b 



7 8a 




78c 



02 

n6-»1/2N2+ 1/202 



8 1 ; POROU 



.7 8d 



02 IS RETURNED TO 
2ND MEASURING SPACE 



68 



EP0810 430A2 



FIG. 4 1 



7 5-3- 



T } f f n / n > / / f / ? 1 1 1 1 1 11 



JCZZ 



oo oO 




78a'^^^ 78d 



F I G. 4 2 



75-3 




7 8b TSd 



F I G. 43 




K ^ \ f > } T f 7 J r IV \ \ \ K \ T 



78b 




69 



EP0810 430A2 



FIG. 44 



i 

60 
50 < 
' 5140 ! 

! ^ 

2 30 

O 

£: 20 
10 ■ 


lELATION OF Ip2 v. OXYGEN CONCENTRATION 


-^EXAMPLE 1 
-^EXAMPLE 2 

EXAMPLE 3 
—0— 00NT8OL D 


i — 


1 
I 






! ! 1 

! ! ! 








1 

1 








i 






i 






1 
















- 

1 
1 
1 


i 
1 


: ! ; 
i 1 1 

i 1 1 








i 

1 
















! 1 

I i 


















\i 

1 






1 ! 

1 j 
l"T1 


1 


1 
r 
















Ml , 

0 ' : — * — I 

0 12 3 


• • ^ I I 1 I 1 1 1 1 V 

i 1 1 . 1 1 1 1 1 1 I 1 * 

4 5 6 7 8 9 10 11 12 13 14 15 16 
OXYGEN CONCENTRATION(X) 



F I G. 4 5 



RELATION OF Ip2 v.GAIN(AIp2) CONCENTRATION 

■1 A 


1 


-^EXAMPLE 1 
EXAMPLE 2 
-•-EXAMPLE 3 
-o-ODimiOLD 


13 
12 1 
Qll ^ 

3io 

S: 9 
<8 

7| 

6 

sj 






















1 








n L 


LL- 


7^ 1 1 1 








1 


1 






















1 
j 
















« 














j 




















1 


i 1 


i ! 


j 1 
t 












1 




1 
1 
1 


1 1 


i 1 
1 1 


















1 1 ! 1 I 
















i 


! ! ; 1 : 1 1 












> M ! 1 ! ! 1 


i 















0 1 2 3 4 S 6 7 8. 9 10 1M2 13 U 15 16 
OXYGEN CONCENTRATION(X) 



70 



r 



EP0 810 430A2 



F I G. 4 6 



STEP(13d) REPLACES STEP(13) IN FIG. 22 
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